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1 Motivation and Introductiona 
Chemical synthesis of materials is facing enormous challenges but also 
opportunities at the present time. The necessary energy transition toward usage of 
renewable energy resources as well as the need for more sustainable economic 
processes in our society requires completely new materials with outstanding 
properties. In addition, there is an imperative for a more resource-efficient 
consumption of raw materials and energy through optimized production of well-
established materials. Sustainable chemical processes must be conceived and 
developed, which will work at lower temperature, allow for higher purity and 
yield, and produce less waste. 
Typically, inorganic materials (e.g., ceramics or alloys) are produced 
industrially as well as on a laboratory scale by high-temperature processes at up to 
2000 °C. This limits the development of new materials to usually 
thermodynamically stable compounds. In addition, by-products are often formed 
during cooling due to incongruently melting compounds. Finally, the introduction 
of a tailored micro- or nanostructure is virtually impossible at these temperatures, 
which hinders tuning of chemical and physical properties.  
Several low-temperature approaches for synthesis of inorganic materials have 
been developed over the last century such as precipitation reactions, solvothermal 
syntheses, or sol-gel-processes[1]. All approaches require a solvent, which can 
range from water via organic liquids to low-melting salts as fluxes. In addition, 
liquefied gases like ammonia or sulfur dioxide are occasionally utilized. Recently, 
fluxes based on low melting salts (e.g., NaAlCl4) have been amplified by 
introducing so-called ionic liquids into inorganic synthesis. 
  
                                                 
a
 This chapter is partly based on the review article: 
M. F. Groh, A. Wolff, M. A. Grasser, M. Ruck, Int. J. Mol. Sci. 2016, 17, 1452; 
and introductory parts of first-authored publications listed in chapter 11. 
 
1 Motivation and Introduction 
 
 
2 
 
 
1.1 Ionic Liquids 
Ionic liquids (ILs) — often defined as salts with melting points below 
100 °C[2] — have actually been known for quite a long time. In the decades after 
the description of the first representative, ethylammonium nitrate, by Paul Walden 
in 1914,[3] this valuable family of compounds fell into oblivion. Despite 
pioneering works,[4] there had been only approximately 20 articles per year on ILs 
until 1995.[2] Starting from the late 90s, the number of annual publications rose 
tremendously to around 9200 in 2015 according to “Web of Science” signaling 
the huge interest of different research communities. 
Usually, ILs are composed of sterically demanding organic cations and (often) 
polyatomic anions, which can be selected in order to tune the properties of the IL. 
Typical cations range from simple quaternary ammonium or phosphonium ions 
over substituted pyridinium and imidazolium cations to more complex ones like 
e.g., the so-called TAAILs (Tunable Aryl Alkyl Ionic Liquids) (Figure 1).[5,6] A 
similar variety can be found among the anions including e.g., simple halides, 
complex organic anions, or halogenido-metalates.[7] Among others, the latter can 
be utilized to introduce further physical properties such as ferromagnetism.[8,9] 
Owing to the distinctive physicochemical properties of ILs (e.g., wide liquidus 
range, high redox and thermal stability, (usually) negligible vapor pressure, 
Figure 1. Synopsis of typical cations for ionic liquids: a) quaternary ammonium and b) 
phosphonium cations; c) substituted pyridinium and d) imidazolium cations; 
e) TAAIL (Tunable Aryl Alkyl Ionic Liquid) cations.[5,6] 
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tunable polarity), they have gained interest for a wide range of applications. These 
include separation techniques,[10–12] lubrication,[13] electrodeposition,[14,15] acting 
as electrolytes in photovoltaic devices (e.g., solar cells),[16–18] catalysis for clean 
technology,[19–23] polymerization processes,[24] crystal engineering of a wide range 
of inorganic substances,[25–32] replacement of classic high-temperature 
approaches,[33] and syntheses of new inorganic materials in general.[29,34–65] 
1.2 Synthesis of Main-Group Element Compounds in Ionic Liquids 
Recently, several comprehensive review articles on syntheses of inorganic 
compounds in ILs have been published by Dai,[66] Dehnen,[63,64] Feldmann,[35,36] 
Janiak,[51,67] Morris,[68] Mudring,[69] Passerini and Scrosati,[58,59] Prechtl,[70] 
Ruck,[29,34,71] Taubert,[72] and Zhu,[73] among others. The number of sophisticated 
reviews reflects not only the high impact of this rather new synthetic approach but 
also the wide range of accessible classes of new compounds. 
Among the numerous inorganic materials accessible in ILs[29,34–65] have been 
remarkable examples, especially in main-group element chemistry. For instance, a 
new metastable modification of germanium in the clathrate-II structure (Figure 2) 
has been yielded by mild oxidation of the germanium polyanion [Ge9]4– at 
ambient conditions in an equimolar mixture of dodecyltrimethylammonium 
chloride and aluminum chloride.[49] The high solubility of polyanions in ILs was 
later exploited for the synthesis of the largest known representatives consisting 
only of main-group element atoms, [Sn36Ge24Se132]24– (“Zeoball”, Figure 3) and 
[Sn32.5Ge27.5Se132]24–.[65] 
Polycations of (heavy) main-group elements can be prepared in (Lewis-)acidic 
solutions such as oleum or more generally in systems with only weakly 
coordinating anions or solvent molecules like e.g., in NaAlCl4 or liquid SO2. 
Weakly coordinating anions (e.g., weak Lewis bases) are necessary since strong 
Lewis bases destabilize polycations. The introduction of Lewis-acidic ILs has 
enhanced the convenience of polycation syntheses and enabled substitution of 
carcinogenic or toxic substances like benzene, SO2, or AsF5.[74] 
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Figure 3. Visualization of the “zeoball” anion [Sn36Ge24Se132]24– in 
[BMMIm]24[Sn36Ge24Se132].[65] The disorder has been omitted for clarity. 
The dark sphere indicates the inner cavity of the anion with a diameter of 
1.54 nm. [BMMIm]+ = 1-n-butyl-2,3-dimethylimidazolium. 
Figure 2. Visualization of the clathrate-II structure of Ge136[49] synthesized via an IL-
based approach. 
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A considerable number of homoatomic[33,34,39,40,74–79] as well as 
heteroatomic[34,37,38,42–48,55] polycations of group 15 or 16 elements has been 
synthesized in ILs. In several cases, IL-based syntheses of polycations are 
advantageous compared to classic syntheses by increasing purity and yield in 
addition to lowering the reaction temperature.[33] 
Lewis-acidic ILs constituted by a mixture of alkylimidazolium halides and 
more than one equivalent of aluminum or gallium trihalides (MX3) are especially 
suitable. This is evoked by their comparatively low viscosity, weakly coordinating 
anions, and the exceptional ability to dissolve main-group elements and their 
halides.[33–36] An excess of trihalides is beneficial for two reasons: Free MX3 or 
their condensation products with [MX4]− anions, such as [M2X7]−, act as 
scavengers for halide ions or other Lewis bases. This leads to increased solubility 
for metalloid halides (e.g., BiX3 dissociates into BiX2+ and X−) and partly self-
drying ILs (if the Lewis base is water) protecting the formed polycations from 
hydrolysis. In addition, the concentration of the different halogenido-metalate 
species can be tuned by temperature,[80] mole fraction of employed MX3,[7,81] or by 
adding additional free X− anions from e.g., NaX.[29,33,78] Possible synthetic 
approaches are comproportionation reactions of metalloids and their halides, 
reduction of metalloid halides, or dissolution and reorganization of complex 
structured solid precursors.[33–37] For instance, the latter has been applied for the 
synthesis of the ternary polycation [Ru2Bi14Br4]4+ by conversion of the cation 
[Ru2Bi17Br4]5+ of the precursor Bi24Ru3Br20[82] (Figure 4).[37]  
In addition, the utilization of an IL as reaction medium can be decisive for the 
composition, structure, and physical properties of the (polycationic) reaction 
product. For example, [Te4]Bi0.67Cl4 obtained by a gas-phase transport reaction is 
a conventional semiconductor, whereas the slightly bismuth-richer [Te4]Bi0.74Cl4 
synthesized from the same starting materials in an IL proved to be a one-
dimensional metal and a type-I superconductor. In this compound, strong 
interactions between the ecliptically stacked [Te4]1.78+ polycations lead to the 
unusually high electric conductivity (Figure 5). Owing to the specific bismuth 
content, a Peierls-like distortion is prevented.[39,40] 
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Despite the abundance of inorganic compounds yielded by IL approaches, the 
syntheses remain a “black box” in several cases. Not only are the mechanisms of 
product formation rarely examined but also the overall role of the IL. The latter 
might range from being a mere lubricant for solid-state reactions via acting as 
solvent for (a part of) the starting materials to having a crucial influence on the 
products. In addition, the interplay of ILs with additives or directing agents has to 
be investigated further. Therefore, in situ reaction monitoring[83,84] or development 
and comparison of syntheses of new compounds with varied conditions can 
unravel the influence of ILs.  
  
Figure 4. Visualization of the polycations [Ru2Bi17Br4]5+ (in Bi24Ru3Br20,[82] left) and 
[Ru2Bi14Br4]4+ (in [Ru2Bi14Br4](AlCl4)4,[37] right). Dissolving Bi24Ru3Br20 in 
[BMIm]Cl·3.6AlCl3 yields [Ru2Bi14Br4](AlCl4)4. 
Figure 5. Visualization of the stacked [Te4]1.78+ polycations in [Te4]Bi0.74Cl4.[39,40]
Dashed lines indicate the interactions between the tellurium rings leading to 
superconducting behavior at low temperature. 
1 Motivation and Introduction 
 
 
7 
 
 
1.3 Aim of This Doctoral Thesis 
In order to broaden the knowledge on synthesis techniques for inorganic 
materials near ambient temperature based on ILs, this thesis aims at two goals: 
• Explorative synthesis of new inorganic compounds in ILs 
• Elucidating the influence of ILs on product formation 
For these two goals, metal-rich (polycationic) compounds of group 15 were 
chosen as promising chemical system, owing to the effectiveness of 
alkylimidazolium-based Lewis-acidic ILs for the synthesis of this class of 
compounds. In addition, phosphorus is renowned as one of the best nuclei for 
NMR spectroscopy enabling in situ reaction monitoring. Compounds of its 
heavier homologs (especially bismuth) might feature outstanding physical 
properties owing to e.g., the strength of spin-orbit coupling.[85–87] 
Furthermore, the successful isolation of new polycations of heavy main-group 
elements would not only allow for deducing important reaction parameters but 
also give deeper insight into this class of compounds. Owing to the electronic 
flexibility of heavy main-group elements, one can expect a variety of 
unprecedented structural motifs and thus bonding situations at the crossing point 
of concepts like multi-centered covalent bonds, electronic delocalization, ionicity, 
or inorganic complexes. 
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2 General Experimental Section 
2.1 Chemicals 
All compounds were handled and stored in an argon-filled UNIlab glove box 
(M. Braun; p(O2)/p0 < 1 ppm, p(H2O)/p0 < 1 ppm). Commercially available 
starting materials (Table 1) were either directly utilized or purified prior to their 
use (Table 2). If necessary, precursor compounds were synthesized according to 
the literature (see respective chapters). 
Table 1. Employed chemicals, their source, purity, and purification (if applicable). 
The Roman numerals refer to a purification method listed in Table 2. 
[BMIm]+ = 1-n-butyl-3-methylimidazolium; [EMIm]+ = 1-ethyl-3-methyl-
imidazolium. 
Compound Supplier Purity Purification scheme 
[BMIm]Cl Sigma Aldrich ≥ 98 % HPLC I 
[EMIm]Cl Alfa Aesar ≥ 98 % I 
[BMIm]Br Alfa Aesar ≥ 98 % I 
[EMIm]Br Alfa Aesar ≥ 98 % I 
AlCl3 Fluka 98 % IIa 
AlBr3 Alfa Aesar 98 % IIb 
phosphorus “batch 1” Sigma Aldrich 99.95 % III 
phosphorus “batch 2” ABCR 99.999 % III 
chlorine Air Liquide 99.8 %  
iodine Fluka 98 %  
copper Chemapol p. a. IVa 
tellurium (powder) Fluka > 99.999 % IVa 
bismuth ChemPur 99.9999 % IVb 
selenium (powder) Sigma Aldrich 99.999 % IVc 
antimony (powder) ABCR 99.999 %  
rhodium Chempur 99.95 %  
palladium Degussa 99.99 %  
platinum Chempur > 99.95 %  
PI3 ABCR 98 %  
P2I4 Sigma Aldrich 95 %  
CuCl Sigma Aldrich ≥ 99 %  
CuBr Fluka 98 %  
AgCl Alfa Aesar 99.998 %  
Bi2S3 Alfa Aesar 99.9 %  
BiCl3 Alfa Aesar 99.9 % IIb 
BiBr3 Alfa Aesar 99 % V 
dichloromethane  Carl Roth HPLC grade VI 
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Table 2. Purification methods for chemicals (Table 1) prior to their utilization. 
I dried under dynamic vacuum at 100 °C 
IIa sublimed three times 
IIb sublimed twice 
III washed with sodium hydroxide, refluxed in water, and dried in vacuum[88] 
IVa pre-treated at 400 °C with H2 for 6–7 h 
IVb pre-treated at 240 °C with H2 for 6–7 h 
IVc pre-treated at 150 °C with H2 for 6–7 h 
V tempered at 120 °C under dynamic vacuum and sublimed twice 
VI solvent purification system SPS-800 (M. Braun) 
 
2.2 Syntheses in Ionic Liquids 
All manipulations were carried out in an argon-filled UNIlab glove box (M. 
Braun; p(O2)/p0 < 1 ppm, p(H2O)/p0 < 1 ppm). The syntheses took place in fused 
silica tubes (except for chapter 3), which had been dried under dynamic vacuum at 
450 °C for at least one hour to remove traces of water. The starting materials were 
ground together in an agate mortar with the aluminum halide and transferred into 
the silica ampoules. The organic cation of the ionic liquid as its halide salt was 
subsequently added through an additional funnel to prevent clogging. The ILs in 
the ampoules liquefied immediately. The samples were cooled with liquid 
nitrogen during flame sealing under vacuum. Then, the ampoules were spun with 
a vortex mixer for homogenization and placed in slightly tilted tube furnaces to 
prevent the IL from separating from the solid starting materials. After annealing 
and prior to slow cooling to room temperature, the furnaces were tilted in the 
other direction to allow the majority of the IL to flow off from the precipitated 
products. In all syntheses with bismuth compounds, a brown IL was formed at 
room temperature, which color intensified upon heating. Negligible (invisible in 
the respective diffractogram of the sample) amounts of Bi5(AlX4)3 can often be 
found as scattered, well distinguishable crystals. 
In several cases, the resulting compounds could be washed with dry 
dichloromethane to remove the IL. The stability of bismuth polycations toward 
this solvent was first reported for [Bi5]3+ by Kloo et al.[89] 
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2.3 General Characterization Methods 
2.3.1 Single-Crystal X-ray Diffraction 
Since all products are sensitive toward air (humidity), crystals were selected in 
an argon-filled UNIlab glove box (M. Braun; p(O2)/p0 < 1 ppm, 
p(H2O)/p0 < 1 ppm) with 0.2 mm glass capillaries and sealed in bigger ones of 
0.5 mm diameter. Intensity data were collected at 296(1) K and/or at 150(2) K 
with a Stoe imaging-plate diffraction system IPDS-II or a Bruker CCD diffraction 
system Kappa APEX2, both using graphite-monochromated Mo-Kα radiation 
(λ = 71.073 pm). All data sets were corrected for background, polarization, and 
the Lorentz factor within the APEX2 software suite[90,91] for Kappa datasets or X-
Area[92] if an IPDS-II was used. The description of the optically determined 
crystal shape was optimized[93] using sets of symmetrically equivalent reflections 
and then utilized for a numerical absorption correction (integration method) 
within the Jana2006 program package[94,95] (Kappa) or X-Red[96] (IPDS-II). Some 
Kappa datasets were alternatively treated using SADABS[97] for multi-scan 
absorption correction or a numerical one similar to the above described method. 
The structures were solved with the charge flipping method[98,99] in Jana2006, 
with direct methods[100] in SHELXS,[101,102] or with the dual-space approach in 
SHELXT.[101,103] Structure refinement against Fo2 (SHELXL[101,102,104]) included 
anisotropic displacement parameters for all atoms except for some disordered 
ones (see respective chapters). Graphical representations of the structures were 
developed with the program Diamond.[105] The atomic parameters of all atoms in 
the discussed structures are listed in the supporting information (Chapter 9) with 
respect to the order introduced in the main text. A synopsis of all new crystal 
structures with their different treatment as well as their CSD-number is listed in 
Table 3. Special details for each crystal structure and a brief data summary can be 
found in the respective chapters. 
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Table 3. Synopsis of all new crystal structures with the utilized measurement device 
and temperature T (/ K), method of absorption correction, structure solution 
technique and already assigned CSD-number. 
Compound Device T 
Absorption 
correction 
Structure 
solution 
CSD 
2H’-Ag2Bi2S3(AlCl4)2 Kappa 296(1) multi-scan charge-flipping 428725 
6R-Cu2Bi2S3(AlCl4)2 Kappa 296(1) multi-scan direct 428726 
2H-Cu2Bi2S3(AlCl4)2 Kappa 296(1) multi-scan direct 428727 
[Sb13Se16](AlCl4)6(Al2Cl7) IPDS-II 296(1) integration charge-flipping 430306 
[Bi6Te4Br2](AlBr4)4 IPDS-II 296(1) integration charge-flipping 430307 
[Bi4Te4](AlBr4)4 IPDS-II 296(1) integration charge-flipping 430308 
[Bi3S4AlCl][S(AlCl3)3]AlCl4 Kappa 296(1) multi-scan direct 430309 
[Bi4Te4](AlBr4)2(Al2Br7) Kappa 296(1) numerical dual-space – 
[Bi4Te4](AlBr4)3 Kappa 296(1) multi-scan dual-space – 
[Pt@Bi10](AlBr4)4 Kappa 150(2) integration charge-flipping 431977 
 IPDS-II 296(1) integration dual-space 431978 
[Pt@Bi10](AlBr4)2(Al2Br7)2) Kappa 150(2) multi-scan direct 431979 
[Pd@Bi10](AlBr4)4 Kappa 150(2) integration charge-flipping 431980 
 IPDS-II 296(1) integration charge-flipping 431981 
[Pd@Bi10](AlBr4)2(Al2Br7)2) Kappa 150(2) integration charge-flipping 431982 
 Kappa 296(1) integration charge-flipping 431983 
[Rh@Bi9](AlCl4)4 Kappa 296(1) integration charge-flipping – 
[Rh2Bi12](AlBr4)4 Kappa 296(1) integration charge-flipping – 
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2.3.2 Powder X-ray Diffraction 
Most air-sensitive samples were transferred into 0.3 mm or 0.5 mm wide glass 
capillaries and sealed within an argon-filled UNIlab glove box (M. Braun; 
p(O2)/p0 < 1 ppm, p(H2O)/p0 < 1 ppm). The air-sensitive phosphorus-iodine 
samples were protected on both sides by a polyimide (Kapton®) film (Chemplex 
or DuPont). Data collection was performed at 296(1) K on an X’Pert Pro MPD 
diffractometer (PANalytical) equipped with a curved Ge(111) monochromator 
using Cu-Kα1 radiation (λ = 154.056 pm) in Johansson setup or with a Ge(220) 
hybrid-monochromator in Debye-Scherrer geometry (capillaries). Samples of 
Bi12–xRhX13–x (X = Cl, Br) were measured on the same device without protection 
against humidity on single-crystal silicon sample-holders. 
Owing to the low yield of [Sb13Se16](AlCl4)6(Al2Cl7) in every synthesis, three 
samples were combined and by-products partially removed. 
The data of Bi16PdCl22 were collected at a Stoe Stadi-P diffractometer 
equipped with a position sensitive detector using Cu-Kα1 radiation 
(λ = 154.056 pm) in transmission set-up. The sample was fixed between adhesive 
tape. 
Phase analysis was conducted with the programs Highscore[106] and 
Win X’Pow[107]. The latter was employed for calculation of X-ray powder patterns 
from ".cif"-files of references stored in the ICSD, which was accessed with the 
program FindIt.[108] Origin[109] was utilized for visualization of the diffractograms. 
2.3.3 Energy Dispersive X-ray Spectroscopy (EDX) 
The composition of selected single crystals was determined by semi-
quantitative energy dispersive X-ray spectroscopy (EDX) (Ua = 20 kV) using a 
SU8020 (Hitachi) SEM equipped with a Silicon Drift Detector (SDD) X-MaxN 
(Oxford) and a vacuum chamber enabling transfer of the samples without 
exposure to air. The data processing was performed with the AZtec program.[110] 
Owing to the air-sensitivity of the samples, several preferable pre-measurement 
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steps (e.g. polishing, sputtering) could not be performed resulting in a low 
accuracy of the EDX results: The crystals neither are aligned toward the detector 
nor are their surfaces cleaned and even. Furthermore, the bromine L-line and 
aluminum K-line overlap; and rhodium lines are superimposed with the strongest 
bismuth line. The results of the EDX measurements are given in the experimental 
section of each chapter. 
2.4 DFT-Based Quantum-Chemical Calculations 
Molecular calculations were performed at ab initio level with the ADF 
software,[111,112] relativistic effects were taken into account with the ZORA[113–115] 
formalism. All-electron frozen core basis sets of TZ2P quality and the 
BP86[116,117] functional were employed. For the Bi2S3 molecules, all-electron basis 
sets of QZ4P quality were used instead. The starting geometries for structural 
optimization were taken from experimental crystal-structure data if not stated 
otherwise. The numerical integration accuracy was set to 10–8 Hartree. The 
convergence criteria for the energy and Cartesian gradients were set to 
10−6 Hartree and to 10–4 Å, respectively. Subsequent frequency analyses were 
conducted in order to check for imaginary modes for optimized structures. 
Molecular orbital schemes are based on the output of molecular calculations 
and visualized with Origin.[109] Topological analyses of calculated electron 
densities based on the QTAIM (quantum theory of atoms in molecules)[118] and 
electron localizability indicator field (ELI-D, ϒσD)[119–122] as well as computation 
of the shape of molecular orbitals were conducted with the DGrid 4.7 program 
package[123] using the Paraview program package[124] for visualization.  
The resulting ELI-D basins demarcate atomic electron shells (core basins), lone 
pairs, or covalent bonds based on their shape and synapticity[125] (i.e. concavity to 
a core basin). Integrating the electron density field within an ELI-D basin yields 
the electron count of the respective electronic feature. The bond polarity is 
assessed from the intersection of the ELI-D basins with the respective QTAIM 
basins.[126] 
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Calculations for the trigonal [Bi9]5+ polycation were performed with fixed D3h 
symmetry. Single-point configurations based on the crystal structure were 
analyzed for the [Rh2Bi12]4+ cluster after all attempts to optimize its structure led 
to saddle points. 
Scalar-relativistic band-structure calculations were performed for the periodic 
structures of [Bi4Te4](AlBr4)4, [Bi6Te4Br2](AlBr4)4, and M2Bi2S3(AlCl4)2 
(M = Ag, Cu) using the full-potential LAPW method with full-electron basis sets 
implemented in the Elk code[127] within the local-density approximation (LDA) 
with 8, 14 and 20 irreducible k-points, respectively. 
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3 Unexpected Reactivity of Red Phosphorus in Ionic Liquidsb 
3.1 Introduction 
The targeted syntheses of materials require a thorough understanding of the 
underlying chemical reactions. However, the mechanisms of product formation 
for inorganic materials, especially in ionic liquids (ILs), are barely examined.  
A (semi-)continuous reaction monitoring with high-resolution (HR) liquid-state 
NMR assisted by solid-state NMR is particularly suitable for mechanistic 
investigations but rare for syntheses in ILs.[83,84] In order to evaluate the viability 
of in situ investigations in Lewis-acidic ILs, the reaction of red phosphorus with 
iodine was chosen for two reasons: 
First, already in 1967, early 31P NMR measurements have been applied 
successfully to follow the reaction of the white allotrope with iodine in CS2.[128] 
Thus, the mechanism in the IL can be compared to existing findings. For the 
herein presented investigations as well as potential applications, substituting 
hazardous white phosphorus by its more convenient red allotrope is highly 
beneficial. Red phosphorus is reactive in [BMIm]Cl·nAlCl3 if combined with a 
suitable reaction partner ([BMIM]+ = 1-n-butyl-3-methylimidazolium).[33,48] This 
might be related to the catalytic sublimation of red phosphorus by AlCl3.[129–131]  
Secondly, iodine can be a rather troublesome starting material under normal 
conditions due to its high vapor pressure. ILs, however, have proven to be 
convenient solvents for some gases such as CO2 or SO2.[20,21,132–134] Thereby, the 
interplay between gaseous species and ILs can be manifold.[132] For CO2, 
interactions with the anions of ILs have been observed.[135] The gases PH3 and 
BF3 are dissolved via chemical complexation.[136] The ability of ILs to lower the 
vapor pressure of delicate volatile compounds and simultaneously give access to 
                                                 
b
 This chapter has already been published with minor alterations in: 
M. F. Groh, S. Paasch, A. Weiz, M. Ruck, E. Brunner, Eur. J. Inorg. Chem. 2015, 2015, 
3991–3994. 
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dissolved species has been utilized for the synthesis of several heavy main-group 
element compounds such as polybromides.[52,53,137–140] 
In this chapter, the chemical reaction between red phosphorus and iodine in 
[BMIm]Cl·2AlCl3 at moderate temperatures is investigated. 31P liquid- and solid-
state NMR spectroscopy are used to rationalize the reaction at various 
temperatures and ratios of the starting materials. Thereby, the formation of 
nanoscale red-phosphorus particles is discussed. 
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3.2 Results and Discussion 
To facilitate NMR signal assignment for the mechanistic investigations, the red 
phosphorus used as starting material as well as the potential reaction products PI3 
and P2I4 were analyzed using 31P solid- and liquid-state NMR spectroscopy. The 
measurements were carried out between room temperature (25 °C) and 80 °C, the 
latter being the highest accessible temperature within the spectrometer. 
3.2.1 Preliminary Investigations on Red Phosphorus, PI3, and P2I4 
Red phosphorus as an amorphous solid has a poorly defined structure.[141–145] 
Consequently, its physical and chemical properties are variable to some degree, 
and the linewidths and exact chemical shift of the NMR signals can vary for 
different batches and sources. Nevertheless, red phosphorus can easily be 
distinguished from the other common allotropes by its chemical shift. Both 
utilized batches feature a broad line centered at about 50 ppm (Figure 6 and 
Figure 6. 31P NMR spectra of red phosphorus (batch 1). Liquid-state NMR at 80°C 
(red), liquid-state NMR at 25 °C (blue), 14 kHz MAS spectrum at 25 °C 
(black). 
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Supporting Figure 1, page 154) in agreement with the literature reporting values 
of 60 to 65 ppm.[146,147]  
Black phosphorus appears at 22.2 ppm,[148] Hittorf’s phosphorus exhibits an 
broader and more complex spectrum with several signals ranging from –84.5 to 
171.3 ppm,[149] and white phosphorus resonates at –527 ppm.[150] Crystalline 
fibrous phosphorus[151,152] has not yet been characterized by NMR, but owing to 
its structural similarity to Hittorf’s phosphorus, one can expect a similarly 
complex spectrum. One of the two non-crystalline fibrous forms mimics the NMR 
signal of red phosphorus at 65 ppm. However, this modification of phosphorus 
has only been obtained from a CuI matrix.[153,154] 
For pure phosphorus triiodide in the solid state (PI3: ϑmelt = 61.2 °C[155]) an 
isotropic 31P chemical shift of 239 ppm was observed. This is close to the 
previously reported value of 237 ppm.[156] Dissolved, the signal shifts to 178 ppm 
in CS2,[128] to 179 ppm in 1-iodopropane,[157] and to 167 ppm in acetonitrile.[157] 
At 25 °C, PI3 is mostly insoluble in the IL and gives rise to a broad signal 
Figure 7. 31P NMR spectra of commercial PI3. Liquid-state NMR in IL at 80°C 
(green), liquid-state NMR in IL at 25°C (blue), solid-state NMR without 
MAS at 25 °C (red), 14 kHz MAS spectrum at 25 °C (black), Spinning 
sidebands of PI3 are marked with an asterisk. 
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dominated by the chemical shift anisotropy (CSA, Figure 7). At about 40 °C, its 
solubility increases strongly, and a narrow signal at around 190 ppm arises 
(Supporting Figure 1, page 155). At 80 °C, i.e. above the melting point, only a 
narrow signal of 250 Hz FWHM at a chemical shift of 187 ppm appears in the 31P 
NMR spectrum. The solvent effect of the IL is therefore somewhat weaker than of 
the above-mentioned molecular solvents. 
The NMR-signal of solid diphosphorus tetraiodide (P2I4: ϑmelt = 125.5 °C[155]) 
is observed at 123 ppm (reported to be 127 ppm;[156] Supporting Figure 3, 
page 156). It shifts to 106.7 ppm in 1-iodopropane[158] and to 108 ppm in CS2.[128] 
In the IL, the chemical shift of P2I4 is 112 to 122 ppm, i.e. similar to the solid state 
(Supporting Figure 3, pages 156). P2I4 is essentially insoluble in the IL at 25 °C 
and gives rise to a characteristic, strongly CSA-broadened signal. At elevated 
temperatures, the solubility of P2I4 is increased, but the signals remain relatively 
broad indicating the presence of larger aggregates instead of a molecular solution. 
3.2.2 Reaction Monitoring 
For the first reaction monitoring, a molar ratio of P:I2 = 1:2 was chosen 
(Figure 8). PI3 is forming upon mixing phosphorus and iodine in the IL. This is 
visible in the 31P NMR spectrum at 25 °C (Figure 8, top), which is dominated by 
the CSA-broadened signal characteristic for PI3 (Figure 7). After heating to 80 °C 
inside the spectrometer, all PI3 is in liquid phase. Ex situ conditioning at 100 °C 
results in the formation of a phosphorus iodide different from PI3. It gives rise to 
two rather broad signals at 25 °C (provided the solution is quickly cooled, i.e. 
quenched). These signals at about 130 ppm and –150 ppm (Figure 8, middle) are 
characteristic for [P2I5]+ (solid [P2I5]AlI4: 114 ppm for R–PI2, –142 ppm for 
R−PI3;[156] [P2I5][Al(OC(CF3)3)4] in CD2Cl2: 127.4 and –156.3 ppm[159]). The 
[P2I5]+ cation dominates after conditioning at 120 °C (and subsequent fast cooling) 
and vanishes completely upon annealing at 40–80 °C, while PI3 remains the only 
visible species (Figure 8, middle and bottom). Therefore, a reaction scheme for 
the P:I2 = 1:2 case can be proposed (Scheme 1). 
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2 Pred + 3 I2 → 2 PI3 at 25 °C 
2 PI3 ⇌ [P2I5]+ + I– at 100 °C 
Scheme 1. Proposed reaction of red phosphorus and iodine at the molar ratio P:I2 = 1:2 
in [BMIm]Cl·2AlCl3. 
A molar ratio of the starting materials of P:I2 = 1:1 also leads to the formation 
of PI3 upon mixing the elements in the IL at 25 °C, as indicated by the 
characteristic broad signal in the 31P NMR spectrum (Figure 9, top). After heating 
the sample to 55 °C inside the spectrometer, an additional signal at about 50 ppm 
appears which intensifies at higher temperature (Figure 9, top and 
Supporting Figure 4, page 157). The chemical shift is characteristic for red 
phosphorus (Figure 6) but the signal is rather narrow. Assumedly, in the course of 
etching of the red phosphorus with dissolved iodine, nanoparticles are cut off the 
solid. A rough estimation of the particle size based on the linewidth (1000 Hz) 
yields a diameter of 20 ± 10 nm (see Chapter 3.3.3). 
Figure 8. Liquid-state 31P NMR spectra of a reaction mixture P:I2 = 1:2 (phosphorus 
batch 1). Top: at 25 °C (black) and at 80 °C (red) after mixing. Middle: at 
25 °C (black) and at 80 °C (red) after ex situ annealing at 100 °C for 15 h 
and fast cooling. Bottom: at 25 °C (black) and at 40 °C (red) after annealing 
at 120 °C for 24 h and fast cooling. 
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In addition to the above-mentioned signals, an unknown species with a 
chemical shift of 166 ppm is visible (Figure 9, top; marked with an asterisk). The 
latter must be either a mono-phosphorus or a symmetric di-phosphorus species 
similar to PI3, P2I4, or the “–PI2” part of [P2I5]+. Owing to the strong spin-orbit 
coupling, the 31P signals of fourfold coordinated phosphorus atoms bonded to 
iodine atoms are strongly shifted upfield (e.g., [PI4]+, “–PI3” part of 
[P2I5]+).[156,157,159,160] By quantum chemical calculations, the hypothetical ions 
[PI2]+ and [P2I4]2+ could also be ruled out. The chemical shift of 166 ppm 
resembles PI3 dissolved in the IL (187 ppm). Since this signal is rather broad, it is 
assumedly related to PI3 forming on the surface of the nanoparticles. 
After conditioning the reaction solution at 100 °C for 24 h, the red phosphorus 
is completely converted into P2I4 and PI3, and the signals at 166 ppm and 50 ppm 
have vanished (Figure 9, middle and bottom; Supporting Figure 5, page 158). The 
annealing seems to reduce the solubility of the iodides by aggregation. 
Correspondingly, their NMR signals are broad. At the chosen element ratio, the 
reaction is limited by the equilibrium between PI3 and P2I4 and a two-step reaction 
scheme can be proposed (Scheme 2). 
  
Figure 9. 31P NMR spectra of the reaction mixture P:I2 = 1:1 (phosphorus batch 1). 
Top: liquid-state at 25 °C (black) and at 80 °C (red) after mixing. Middle: 
liquid-state at 25 °C (black) and at 80 °C (red) after ex situ annealing at 
100 °C for 24 h. Bottom: 14 kHz MAS spectra at 25 °C of the used red 
phosphorus (blue) and of the precipitate after conditioning at 120 °C (black). 
The asterisk marks the signal at 166 ppm. 
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2 Pred + 3 I2 → 2 PI3 at 25 °C 
4 PI3 + 2 P ⇌ 3 P2I4  at elevated temperature 
Scheme 2. Proposed reaction of red phosphorus and iodine at the molar ratio P:I2 = 1:1 
in [BMIm]Cl·2AlCl3. 
Exactly this two-step process was observed by Carroll et al. for white 
phosphorus in CS2. However, the reaction in CS2 proceeds to P2I4 at room 
temperature.[128]  
Increasing the phosphorus to iodine ratio in the reaction mixture to 2:1 
disfavors the formation of PI3; and P2I4 becomes the only detectable reaction 
product at 70 °C (Supporting Figure 3, top, page 156; keeping in mind that solid 
red phosphorus is virtually invisible). 
Two batches of red phosphorus from different sources were utilized for the 
investigations. The 31P MAS NMR spectrum revealed a minor difference between 
the two batches visible in an upfield “shoulder” of the signal of the first sample 
(Supporting Figure 1, page 154). The intensity of the nanoparticle signal at about 
50 ppm depends on the chosen batch (source) of red phosphorus as starting 
material. A second batch of red phosphorus yielded fewer nanoparticles at 
otherwise identical conditions. Moreover, the second batch of red phosphorus 
enabled the synthesis of P2I4 at even lower temperature (< 70 °C) and thus 
monitoring of the reaction in the spectrometer (Figure 10; note the isosbestic point 
at 150 ppm). The lower reaction temperature gives rise to much lower signal 
intensity for the nanoparticles because phosphorus is mainly transformed into 
iodides before appearing as a signal at 50 ppm in the spectrum. Moreover, 
differences in the (micro-)structure of the amorphous solid seem to correlate with 
different etching behavior, perceived as the intensity of the nanoparticle signal. 
Together with the signal of the phosphorus nanoparticles at 50 ppm, the additional 
signal at 166 ppm — attributed to phosphorus iodides at the particle surface 
(Figure 9, top) — vanishes. 
  
3 Unexpected Reactivity of Red Phosphorus in Ionic Liquids 
 
 
23 
 
 
P2I4, taken as starting material, partly dissociates to PI3 and phosphorus in the 
IL at 80 °C (Supporting Figure 3, page 156). Thereby, a small amount of 
yellowish powder is formed (Supporting Figure 6, page 159) and a narrow line at 
50 ppm, indicating phosphorus nanoparticles, appears in the NMR spectrum. This 
resembles the observations by Carroll et al. as well as Baudler et al. who 
described an iodine-containing colloidal phosphorus polymer as one of the 
dissociation products of P2I4 in CS2.[128,161] Based on the linewidth, particle sizes 
of 22 ± 10 nm can be estimated (see Chapter 3.3.3). Such small particles could not 
be isolated due to hindered sedimentation. However, massive (Figure 11) as well 
as hollow, spherical particles (Figure 12) with a diameter of 60 to 500 nm were 
detected in the scanning electron microscope (SEM). Chlorido-aluminates 
originating from the IL cover the outer and inner surfaces of the particles (see 
EDX line scans and mapping in Supporting Figure 7 to Supporting Figure 9, 
pages 160–162). Upon washing with dichloromethane (DCM) and ethanol (96 %), 
Figure 10. 31P NMR spectra of the reaction mixture P:I2 = 1:1 measured at 70 °C 
(phosphorus batch 2). Note the continuous conversion of PI3 into P2I4 and the 
isosbestic point at 150 ppm. The chemical shift of P2I4 appears to be 
dependent on the particle size. For larger particles, a downfield shift toward 
the value of the pure solid is observed. 
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the surfactants are either removed or converted into undefined compounds 
containing aluminum, carbon, and oxygen. 
 
  
Figure 11. SEM images (SE detector) of phosphorus nanoparticles with diameters 
between 80 and 430 nm on a silicon wafer after washing with DCM and 
EtOH (96 %). 
Figure 12. SEM image (SE detector, left) and STEM image (TE detector, right) of 
hollow phosphorus nanoparticles after washing with DCM and EtOH 
(96 %). The insets show the EDX mapping for phosphorus (red, left) and 
aluminum (blue, right). Note the second wall formed by aluminum-
containing surfactants within the particles. 
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In summary, the following can be concluded: (i) The reactivity of red 
phosphorus is strongly increased by iodine in [BMIm]Cl·2AlCl3. (ii) The reaction 
pathways can be followed in detail by a combination of liquid- and solid-state 31P 
NMR spectroscopy. (iii) Phosphorus nanoparticles, terminated by iodine on the 
surface, are formed in the course of the reaction (top-down). Similar nanoparticles 
are formed as a dissociation product of P2I4 (bottom-up). The discovery of 
phosphorus nanoparticles may stimulate the development of a reactive form of 
phosphorus without the drawbacks of the white allotrope. 
 
 
3 Unexpected Reactivity of Red Phosphorus in Ionic Liquids 
 
 
26 
 
 
3.3 Experimental Section 
3.3.1 Nuclear Magnetic Resonance (NMR) 
All liquid-state nuclear magnetic resonance (NMR) experiments were carried 
out on a Bruker Avance 300 spectrometer at a phosphorus resonance frequency of 
121.5 MHz using a commercial 10 mm HR probe. The spectrometer was equipped 
with a heating system enabling measurements at temperatures of up to 80 °C. 
MAS NMR experiments were performed on a Bruker Avance 300 spectrometer 
with commercial double resonance 2.5 and 4 mm MAS NMR probes operating at 
a resonance frequency of 121.5 MHz and a MAS frequency of 14 kHz. The 
phosphorus chemical shifts were referenced relative to H3PO4. The NMR spectra 
were extracted with the program dmfit[162,163] and visualized with Origin.[109] 
3.3.2 NMR Sample Preparation 
In order to utilize the full range of the NMR probe, a minimum of 982 mg 
(5.6 mmol) of [BMIm]Cl and the correspondent amount of AlCl3 
(n(AlCl3) = 2n([BMIm]Cl)) was filled in a commercial 10 mm NMR glass tube. 
Owing to the high enthalpy of mixing of [BMIm]Cl and AlCl3 as well as the 
absence of a stirring bar, the two compounds were alternatingly mixed before 
phosphorus (n(P) = 0.27n to 0.47n([BMIm]Cl)) and iodine or P2I4 
(n(P) = 0.27n([BMIm]Cl)) were added. The glass tubes were sealed under 
dynamic vacuum. Subsequently, the reaction mixture was cautiously 
homogenized with a vortex mixer. 
  
3 Unexpected Reactivity of Red Phosphorus in Ionic Liquids 
 
 
27 
 
 
3.3.3 Estimation of the Particle Size Based on NMR Linewidth 
A rough estimation of the size of the phosphorus nanoparticles can be carried 
out based on the linewidth with the following assumptions: 
1. The nanoparticles are spherical and reorient isotropically and rapidly. 
2. The unknown anisotropy of the 31P NMR chemical shift ∆σ of pure 
phosphorus is of similar size as observed for the known signals of PI3 and 
P2I4 (100 ppm). For simplicity, the asymmetry factor η is assumed to be 
zero. 
3. The CSA is the major relaxation mechanism. 
Thus, the linewidth is estimated using: 
∆υ1/2	=	
1
πM2
CSA ∙ τC 1 
where τC denotes the rotational correlation time for the phosphorus 
nanoparticles.[164,165] The contribution of the chemical shift anisotropy to the static 
second moment is given by: 
M2CSA	=	
4
45 (2π·υP·∆σ)
2·(1+ 13 η
2) 2 
with a 31P resonance frequency νP = 121.5 MHz at 300 MHz 1H resonance 
frequency. Please note that the theory described in the cited reference holds for 
magic angle spinning (MAS) experiments.[164] However, MAS does not result in 
further substantial line narrowing compared with the static linewidth in the case of 
rapidly and isotropically reorienting systems and the formula is, therefore, also 
applicable to the present case.  
Using equations 1 and 2, the measured linewidth translates into a rotational 
correlation time for the phosphorus nanoparticles. This correlation time can be 
used to estimate the effective radius r of the particles according to the Stokes-
Einstein equation:[166] 
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τC	=	
4πη
3kT ∙ r
3
 
3 
The viscosity η of the used ionic liquid at the measurement temperature of 70 °C 
(343 K) amounts to ca. 5–10 mPa·s.[167] 
One has to take into account that the values for the chemical shift anisotropy 
and asymmetry parameter as well as the shape of the phosphorus nanoparticles 
may deviate from the assumptions made above, thus values should be taken with 
great care. 
3.3.4 Special Details for Scanning (Transmission) Electron Microscopy 
(SEM/STEM) 
Scanning (transmission) electron microscopy has been performed using a 
SU8020 (Hitachi) with a triple detector system for secondary and low-energy 
backscattered electrons (Ua = 10–30 kV). Energy-dispersive X-ray (EDX) spectra 
were collected with a voltage of Ua = 8–30 kV. Prior to the measurements, the 
samples were washed with dry DCM and subsequently with EtOH (96 %), and in 
each washing step centrifuged and redispersed using a supersonic bath. Finally, 
the dispersed particles were transferred on either a TEM grid or a polished silicon 
wafer. 
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4 Bi2S3 Bipyramids in Layered Sulfides M2Bi2S3(AlCl4)2 
(M = Ag, Cu)c 
4.1 Introduction 
Sulfides are particularly rare among the materials that have been accessed by 
syntheses in ILs so far. In view of their broad chemistry and the fact that many 
industrially important ores are sulfides, a mild process for dissolution or 
environmentally friendly lixiviation of metal sulfides would be desirable. For 
instance, the dissolution of bismuth sulfide (mineral name: bismuthinite) 
necessitates harsh conditions, such as hot nitric acid. 
As first steps on this way, the reactions of the bimetallic sulfide bromide 
precursor Cu3Bi2S3Br2 as well as of plain Bi2S3 with copper and silver halides in 
an IL are presented in this chapter. The crystal structures as well as the bonding 
situation of the resulting layered sulfides are discussed. The dissolution of pure 
Bi2S3 in an IL is covered in chapter 5.2.3. 
The precursor Cu3Bi2S3Br2 is unique among the numerous phases in the 
quaternary systems M/Bi/S/X (M = Ag, Cu; X = Cl, Br, I).[168–183] It is the only 
compound that includes bismuth atoms in oxidation state +II besides the common 
oxidation state +III.[168]  
 
                                                 
c
 This chapter has already been published with minor alterations in: 
M. F. Groh, M. Knies, A. Isaeva, M. Ruck, Z. Anorg. Allg. Chem. 2015, 641, 279–284. 
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4.2 Results and Discussion 
Cu3Bi2S3Br2 can be dissolved in a mixture of [BMIm]Cl or [EMIm]Cl and 3.6 
equivalents of AlCl3 at 200 °C ([BMIM]+ = 1-n-butyl-3-methylimidazolium; 
[EMIM]+ = 1-ethyl-3-methylimidazolium). The resulting solution is dark brown 
colored. After annealing for several days, the black main product 
Cu2Bi2S3(AlCl4)2 crystallizes with a rhombohedral structure. In addition, small 
amounts of a hexagonal polytype and of Bi5(AlCl4)3 are found. The latter is a 
well-known compound with [Bi5]3+ polycations, which had been obtained 
previously by various other methods.[74,79,89,184–192] Assumedly, it is formed by a 
disproportionation reaction of the [Bi2]4+ cations of the precursor. 
Approximately half the amount of the precursor remained dissolved. Therefore, 
a rational reaction equation can hardly be set up. The temperature of the 
ionothermal reaction[193–199] can be lowered to 80 °C, however, the separation of 
the solid product from recrystallized AlCl3 seemed to be easier after applying the 
higher temperature. 
The compound is also accessible from CuCl, Bi2S3, and AlCl3 at 200 °C either 
by solvent-free reaction or by ionothermal synthesis in [BMIm]Cl/AlCl3. Omitting 
the IL results in a larger portion of Bi5(AlCl4)3 while the rhombohedral polytype 
is again the main product. In contrast, reacting the binary starting materials in the 
IL strongly favors the crystallization of the hexagonal polytype. Substitution of 
CuCl with Cu2S and the corresponding amount of Bi2S3 with BiCl3 results in the 
crystallization of similar amounts of both polytypes from the IL. For powder X-
ray diffractograms, see Supporting Figure 10 to Supporting Figure 13 (pages 163–
164).  
The observations from syntheses of Cu2Bi2S3(AlCl4)2 suggest that in the 
underlying case structural features of the precursors are not formative for the 
composition and basic structure of the product that is obtained from IL. However, 
the choice of starting materials influences the crystallized polytype. Omitting the 
IL hinders the formation of crystals that are large enough for single-crystal 
structure determination.  
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The analogous silver compound, orange colored Ag2Bi2S3(AlCl4)2, was 
obtained from reaction of AgCl, Bi2S3, and AlCl3 at 200 °C either solvent-free as 
microcrystalline main product (Supporting Figure 14, page 165) or in IL as 
crystals with sizes of up to 1 mm (as by-product). The M2Bi2S3(AlCl4)2 
(M = Cu, Ag) compounds are air-sensitive and crystallize as platelets with almost 
hexagonal shape. 
X-ray diffraction on a single-crystal of Cu2Bi2S3(AlCl4)2 obtained from the 
reaction of Cu3Bi2S3Br2 in [BMIm]Cl·3.6AlCl3 revealed a rhombohedral lattice 
with a = 658.02(3) pm, c = 6794.3(3) pm (hexagonal setting), and the 
centrosymmetric space group R3c (Figure 13; atomic parameters in 
Figure 13. About one third of the rhombohedral unit cell of 6R-Cu2Bi2S3(AlCl4)2. 
Ellipsoids represent 95 % probability. 
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Supporting Table 1, page 166; selected interatomic distances in Table 4). The 
crystal structure consists of  (Cu+)2Bi2S3] layers separated by double layers of 
AlCl4– tetrahedra. The unit cell contains six layer sequences along the [001] 
stacking direction, therefore this compound is denoted 6R-Cu2Bi2S3(AlCl4)2. 
The sulfido-metalate layer (Figure 14) is a honeycomb-like network with Cu+ 
and S2– ions in plane, whereas pairs of Bi3+ cations occupy positions above and 
below the plane. Trigonal planar coordination of the copper cations and Cu–S 
bond length of 229.1 pm (Table 4) are typical for copper(I) atoms in sulfidic 
environment (e.g., Cu3BiS3, Cu2S).[200,201] Three sulfide ions bridge two 
bismuth(III) cations with Bi–S bond lengths of 264.8 pm (in Bi2S3:[202,203] primary 
259.0–273.8 pm, secondary 297.5–338.6 pm). The Bi3+· · ·Bi3+ distance (345.2 pm) 
is much longer than in the [Bi–Bi]4+ dumbbell (306.3 pm) in Cu3Bi2S3Br2.[168] The 
Figure 14. 	 (Cu+)2Bi2S3] layer with adjacent AlCl4– tetrahedra in 6R- (top) and 
2H-Cu2Bi2S3(AlCl4)2. 
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unexpectedly small bond angles in the Bi2S3 bipyramid (82.1° for S–Bi–S and 
81.3° for Bi–S–Bi) can be rationalized in analogy to the discussion of bonding in 
[Bi4S4]4+. The latter heteroatomic polycation is distorted from cubic shape in order 
to maximize the overlap between Bi-6p and S-3p orbitals (S–Bi–S: 84.3–88.7°, 
Bi–S: 266.0–269.7 pm).[204] As a consequence of the optimization of Bi–S 
bonding, the S2–· · ·S2– distance (347.9 pm) in the Bi2S3 unit of Cu2Bi2S3(AlCl4)2 is 
comparatively short. Yet, the structure of the mineral Bi2S3 features one even 
shorter distance between the sulfide ions (335 pm) whereas all other distances are 
longer than 354 pm.[202,203] 
Three chloride ions belonging to three different AlCl4– tetrahedra complete the 
coordination of the bismuth cations to a distorted octahedron. The Bi–Cl distance 
of 313.1 pm indicates a comparatively weak, secondary bond (cf. BiCl3:[205,206] 
primary: 246.8−251.8 pm, secondary: > 321.6 pm). Each AlCl4– tetrahedron is 
pointing with a face to the adjacent sulfido-metalate layer. The attractive 
interactions between bismuth and chlorine atoms result in a disparity of the Al–Cl 
distances (214.7 pm for bridging Cl; 208.0 pm for terminal Cl). The aluminum 
cations are positioned alternatingly above or below the copper atoms of the layer. 
This is the main difference to the hexagonal polytype and the silver compound. 
Mutual adjustment of the highly symmetric sulfido-metalate layers (layer group 
p62m) with the AlCl4– tetrahedra reduces overall symmetry and is thus the origin 
of the observed polytypism. 
Table 4. Interatomic distances (/ pm) in M2Bi2S3(AlCl4)2 at 296(1) K. 
6R-Cu2Bi2S3(AlCl4)2  2H-Cu2Bi2S3(AlCl4)2  2H’-Ag2Bi2S3(AlCl4)2 
Bi–S 264.83(9)  Bi–S 265.21(6)  Bi–S 260.9(2) 
Bi· ··Bi 345.16(5)  Bi· ··Bi 345.60(5)  Bi· ··Bi 345.41(7) 
Bi· ··Cl1 360.20(2)  Bi· ··Cl1 360.3(2)  Bi· ··Cl1 345.18(1) 
Bi–Cl2 313.12(1)  Bi–Cl2 313.42(7)  Bi–Cl2 325.57(1) 
S–Cu 229.13(6)  S–Cu1 229.80(8)  S–Ag1 251.1(2) 
   S–Cu2 228.82(7)  S–Ag2 248.6(2) 
S·· ·S 347.92(2)  S·· ·S 348.5(2)  S·· ·S 338.73(1) 
Al–Cl1 208.0(3)  Al–Cl1 208.5(2)  Al–Cl1 209.0(4) 
Al–Cl2 214.7(2)  Al–Cl2 214.47(8)  Al–Cl2 215.2(2) 
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In the hexagonal polytype of Cu2Bi2S3(AlCl4)2, the aluminum cations are 
residing above and below every second copper cation, corresponding to the mirror 
plane in the sulfido-metalate layer (Figure 15; atomic parameters in 
Supporting Table 2, page 166; selected interatomic distances in Table 4). 
Consequently, the unit cell comprises only two complete layer sequences along 
[001] (2H polytype). The centrosymmetric structure is hexagonal, space group 
P63/m, with a = 658.71(6) pm and c = 2265.5(3) pm. The different stacking order 
has virtually no influence on the interatomic distances (Table 4). 
  
Figure 15. The hexagonal crystal structure of 2H-Cu2Bi2S3(AlCl4)2. Ellipsoids represent 
95 % probability. 
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In Ag2Bi2S3(AlCl4)2, the aluminum cations are also located above and below 
every second silver cation in the sulfido-metalate layer (Figure 16) similarly to the 
2H polytype of Cu2Bi2S3(AlCl4)2. The structure is hexagonal, space group P62c, 
with a = 691.65(3) pm and c = 2207.86(9) pm (Figure 17; atomic parameters in 
Supporting Table 3, page 166; selected interatomic distances in Table 4). 
However, the orientations of the AlCl4– tetrahedra are not compatible with a 
center of inversion but with a glide plane. This kind of hexagonal stacking 
sequence is denoted 2H’ polytype.  
Owing to the larger size of the silver ions, the honeycomb net is somewhat 
more distorted. The Ag–S distances (248.6–251.2 pm; coordination number three) 
are noticeably shortened compared to α-Ag2S (252.5 and 254.5 pm; coordination 
number two only).[207,208] The Bi–S distance (260.9 pm, Table 4) is about 4 pm 
shorter than in the copper compound, whereas the Bi3+· · ·Bi3+ distance (345.4 pm) 
is virtually the same. The bond angles are 81.0° for S–Bi–S and 82.9° for Bi–S–
Bi. The sulfur atoms are shifted toward the center of the Bi2S3 bipyramid resulting 
in an approximately 9 pm shorter S2–· · ·S2– distance (338.7 pm). The approx. 
12 pm longer Bi–Cl distances (325.6 pm) are compensated by the vicinity 
(345.2 pm) of a seventh chloride ion that belongs to an AlCl4– tetrahedron from 
the next layer. In all three crystal structures, the M+· · ·Cl– distances exceed 350 pm 
and interactions appear to be insignificant (cf. CuCl: 235 pm; AgCl: 
277 pm).[209,210] 
  
Figure 16. 	 (Ag+)2Bi2S3] layer with adjacent AlCl4– tetrahedra in Ag2Bi2S3(AlCl4)2. 
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The analysis of chemical bonding based on quantum chemical calculations and 
topological analysis of the electron localizability indicator field (ELI-D, ϒσD)[119–
122]
 reveals covalent two-center two-electron bonds in the Bi2S3 bipyramid (D3h 
symmetry) and much more polar bonding to the coin metal cations 
(Supporting Figure 15, page 167). The bonding basins are shifted significantly 
toward the S atom (appear as constituents of its valence shell) and comprise 
1.6 electrons for Bi–S and 2.2 electrons for M–S interactions. However, in the 
latter case, the bond polarity index[126] shows that the contribution of M into the 
basin is miniscule (about 5 %), while in the other type of interaction the 
contribution of bismuth is as high as 20 %. The charge distribution assessed by 
Figure 17. The hexagonal crystal structure of Ag2Bi2S3(AlCl4)2. Ellipsoids represent 
95 % probability. 
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quantum theory of atoms in molecules (QTAIM)[118] yields: +1.3 for Bi, +0.4 for 
M, +2.4 for Al, –0.8 for Cl, and –0.6 for S. 
A geometry optimization of the hypothetical Bi2S3 molecule converged without 
any noteworthy change in comparison to the crystal structures 
(Supporting Table 4, page 167) and any imaginary frequencies. The topological 
analysis of ELI-D demonstrates the same characteristic of covalent Bi–S bonding 
as in the solid state. The calculated molecular HOMO–LUMO gap of 2.57 eV is 
composed of S-3p states (HOMO) that host lone pairs and antibonding Bi-6p 
states (LUMO). The lower lying molecular orbitals (MOs) correspond to bonding 
interactions in the molecule. The depopulation of the HOMO by donor interaction 
toward M may stabilize the layers observed in the title compounds. In other 
words, the charge density of the closely spaced sulfide ions in the Bi2S3 molecule 
is reduced by transfer to the coin metal cations. 
The calculated density of states (DOS) for Ag2Bi2S3(AlCl4)2 
(Supporting Figure 16, page 168) shows only sulfur and silver states below the 
direct band gap (Supporting Figure 17, page 168) whereas significant bismuth 
states in combination with sulfur states reside at much lower energies. The minor 
bismuth contribution at about –2 eV is probably related to Bi–Cl interactions. 
Thus, the DOS qualitatively follows the MO diagram of an isolated hypothetical 
Bi2S3 and the gap along the Γ–X direction (Supporting Figure 17, page 168) 
accords well with that calculated for the molecule. The distributions of states as 
well as the band structures show prominent similarities for both compounds 
M2Bi2S3(AlCl4)2 (cf. Supporting Figure 18 and Supporting Figure 19, page 169), 
the distinction being that the largely localized M-d states lie close to the Fermi 
level in case of M = Cu (Supporting Figure 18, page 169). Combining these 
findings leads to a reinterpretation of the sulfido-metalate layer as Bi2S3 molecules 
bridged by coin metal cations. 
The copper compound is black; the silver variant is orange colored. From 
diffuse reflectance spectra optical band gaps of about 1.6 eV (M = Cu) and 2.2 eV 
(M = Ag) were deduced (Supporting Figure 20 and Supporting Figure 21, 
page 170). In accordance, the LDA-based electronic band structures indicate 
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(underestimated) direct band gaps of about 1.25 and 1.79 eV. Such increase of the 
band gap when changing from copper to silver is counterintuitive but can be 
rationalized in connection with the unusually short Ag–S bond lengths. As the 
DOS plots (Supporting Figure 16 and Supporting Figure 18, pages 168–169) 
indicate, the Ag-4d states are more dispersed due to more efficient mixing with 
the S-3p states (e.g., at around –3 eV), whereas the Cu-3d states are quite 
localized. 
In conclusion, conventional solid-state reactions as well as ionothermal 
syntheses in Lewis-acidic ionic liquids yielded the two new layered compounds 
M2Bi2S3(AlCl4)2 (M = Cu, Ag). Structural analysis followed by DFT-based 
quantum chemical calculations suggested the interpretation of the compounds as 
Bi2S3 molecules embedded in MAlCl4 salts. The choice of starting materials was 
found to have a crucial influence on the crystallized polytype. Omitting the IL 
hinders the formation of crystals that are large enough for single-crystal structure 
determination. The dissolution of Bi2S3, also known as the mineral bismuthinite, 
demonstrates the potential of ILs as low-temperature flux materials for sulfides.  
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4.3 Experimental Section 
4.3.1 Syntheses 
Cu2Bi2S3(AlCl4)2: (a) Solvent-free: 39.6 mg (0.4 mmol) of CuCl, 102.8 mg 
(0.2 mmol) of Bi2S3, and 53.3 mg (0.4 mmol) of AlCl3 were heated to 200 °C with 
a rate of 300 K·h–1. After 7 d, the ampoule cooled to ambient temperature with 
−6 K·h–1. Besides the 6R polytype as main product, few percent of the 2H 
polytype and Bi5(AlCl4)3 were found.  
(b) From Cu3Bi2S3Br2 in IL: The precursor Cu3Bi2S3Br2 was synthesized 
according to a literature procedure.[168] 50 mg (0.06 mmol) of the precursor, 
250 mg (1.88 mmol) of AlCl3, 90 mg (0.52 mmol) of [BMIm]Cl or 77 mg 
(0.52 mmol) of [EMIm]Cl were heated to 200 °C with a rate of 300 K·h–1. After 
5 d, the ampoule was tilted to separate the ionic liquid from the product and was 
then cooled to room temperature with –6 K·h–1. A reaction temperature of 80 °C 
is also sufficient; however, the separation of the product from recrystallized AlCl3 
proved to be more laborious. As in the solvent-free reaction, the 6R polytype was 
yielded as main product; and Bi5(AlCl4)3 as well as the 2H polytype occurred as 
by-product but in a marginal amount. The ionic liquid was removed by washing 
with dry dichloromethane. Yield: approx. 40 %. 
(c) From CuCl, Bi2S3, and AlCl3 in IL: The same quantities as for method (a) 
were mixed with additional 250 mg of AlCl3 (in total 2.27 mmol) and 90 mg 
(0.52 mmol) of [BMIm]Cl and heated to 200 °C with a rate of 300 K·h–1. After 
6 d, the ampoule was tilted to separate the ionic liquid from the product and 
cooled to room temperature with –6 K·h–1. In contrast to (a) and (b), the 2H 
polytype was yielded with almost no traces of the 6R polytype. The ionic liquid 
was removed by washing with dry dichloromethane. Yield: approx. 75 %. 
(d) From Cu2S, Bi2S3, BiCl3, and AlCl3 in IL: 31.8 mg (0.2 mmol) of Cu2S, 
68.6 mg (0.13 mmol) of Bi2S3, 42.0 mg (0.13 mmol) of BiCl3, 303 mg 
(2.28 mmol) of AlCl3, and 90 mg (0.52 mmol) of [BMIm]Cl were heated to 
200 °C with a rate of 300 K·h–1. After 6 d, the ampoule was tilted to separate the 
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ionic liquid from the product and was then cooled to room temperature with 
−6 K·h–1. Both polytypic forms of Cu2Bi2S3(AlCl4)2 are yielded in a similar 
amount. The ionic liquid was removed by washing with dry dichloromethane. 
Yield: approx. 75 %. 
 
Ag2Bi2S3(AlCl4)2: (a) Solvent-free: 53.6 mg (0.38 mmol) of AgCl 96.6 mg 
(0.19 mmol) of Bi2S3, and 49.8 mg (0.38 mmol) of AlCl3 were heated to 200 °C 
with a rate of 300 K·h–1. After 7 d, the ampoule cooled to ambient temperature 
with –6 K·h–1. Microcrystalline Ag2Bi2S3(AlCl4)2 is obtained with a minor 
amount of an unidentified crystalline by-product.  
(b) From AgCl, Bi2S3, and AlCl3 in IL for crystals: The same amounts of 
starting materials as for (a) plus 250 mg (1.88 mmol) of AlCl3 and 90 mg 
(0.52 mmol) of [BMIm]Cl were heated to 200 °C with a rate of 300 K·h–1. After 
6 d, the ampoule was tilted to separate the ionic liquid from the precipitate and 
cooled to room temperature with –6 K·h–1. This synthetic path yields 
Ag2Bi2S3(AlCl4)2 only as a by-product to the formation of an unknown bismuth-
sulfur compound. Nonetheless, the bright orange-red, flat hexagons of 
Ag2Bi2S3(AlCl4)2 could easily be separated from the dark red, thick, and inter-
grown crystals of the main product. 
4.3.2 Diffuse Reflectance Measurements 
Diffuse reflection spectra of M2Bi2S3(AlCl4)2, obtained from solvent-free 
syntheses and triturated with BaSO4 (Merck, for white standard DIN 5033), were 
recorded in an argon-filled Praying-Mantis High-Temperature Reaction Chamber 
(Harrick) with a Cary 4000 UV/VIS spectrometer (Varian) equipped with a 
Praying-Mantis Diffuse Reflection Accessory. The obtained spectra were 
transformed into Tauc plots for optical band gap determination.[211] 
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4.3.3 Details for X-ray Crystal Structure Determination 
The structure models for 6R-Cu2Bi2S3(AlCl4)2 and Ag2Bi2S3(AlCl4)2 show 
comparatively high positive residual electron densities above and below (in terms 
of the c-axis) the copper or silver atoms. These maxima have identical z-
parameters like the bismuth atoms of the same layer. Since the structures show 
that polytypism is a viable option, these residuals originate assumedly from 
stacking faults.  
Data in brief for 6R-Cu2Bi2S3(AlCl4)2: trigonal, space group R3c (no. 167), 
a = 658.02(3) pm, c = 6794.3(3) pm, V = 2547.7(3) ·  106 pm3; Z = 6; 
ρcalc. = 3.83 g·cm–3; µ(Mo-Kα) = 24.8 mm–1; 9133 measured, 650 unique 
reflections; –8 ≤ h ≤ 8, –8 ≤ k ≤ 8, –87 ≤ l ≤ 87, 2θmax = 55.0°; Rint = 0.028, 
Rσ = 0.015; 27 parameters; R1(581 Fo > 4σ(Fo)) = 0.020, wR2(all Fo2) = 0.052, 
GooF = 1.14; min./max. residual electron density: −0.53 / 2.24 e · 10–6 pm–3.  
Data in brief for 2H-Cu2Bi2S3(AlCl4)2: hexagonal, space group P63/m 
(no. 176), a = 658.71(6) pm, c = 2265.5(3) pm, V = 851.3(2) ·  106 pm3; Z = 2; 
ρcalc. = 3.82 g·cm–3; µ(Mo-Kα) = 24.8 mm–1, 13074 measured, 1027 unique 
reflections; –9 ≤ h ≤ 9, –9 ≤ k ≤ 9, –32 ≤ l ≤ 34, 2θmax = 65.0°; Rint = 0.032, 
Rσ = 0.015; 30 parameters; R1(916 Fo > 4σ(Fo)) = 0.018, wR2(all Fo2) = 0.023, 
GooF = 1.61; min./max. residual electron density: –0.99 / 0.91 e · 10–6 pm–3; 
twinning by merohedry with ratio 0.953:0.047(2). 
Data in brief for Ag2Bi2S3(AlCl4)2: hexagonal, space group P62c (no. 190), 
a = 691.65(3) pm, c = 2207.86(9) pm, V = 914.69(9) · 106 pm3; Z = 2; 
ρcalc. = 3.88 g·cm–3; µ(Mo-Kα) = 22.9 mm–1; 13184 measured, 1145 unique 
reflections; –10 ≤ h ≤ 10, –10 ≤ k ≤ 7, –33 ≤ l ≤ 33, 2θmax = 66.2° Rint = 0.049, 
Rσ = 0.029; 30 parameters; R1(968 Fo > 4σ(Fo)) = 0.028, wR2(all Fo2) = 0.070, 
GooF = 1.28; min./max. residual electron density: –0.70 / 3.46 e · 10–6 pm–3; 
inversion twin with ratio 0.68:0.32(2). 
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4.3.4 EDX Analysis 
Averaged spot measurements for Cu2Bi2S3(AlCl4)2 resulted in (at.-%; 
measured/calculated): 
Cu 15.1(1.4)/11.8, Bi 13.7(1.2)/11.8, S 19.6(0.4)/17.6, Al 16.0(1.6)/11.8, 
Cl 35.7(1.3)/47.1. 
An area scan on a reasonably smooth surface area of an Ag2Bi2S3(AlCl4)2 
crystal yielded (at.-%; measured/calculated): 
Ag 13.5/11.8, Bi 11.0/11.8, S 18.7/17.6, Al 14.7/11.8, Cl 42.0/47.1. 
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5 Controlled Synthesis of Pnictogen-Chalcogen Polycationsd 
5.1 Introduction 
Binary compounds of group 15 (Pn) and group 16 (Ch) elements, such as 
Sb2Se3, Sb2S3, Sb2Te3, or Bi2Te3 as well as their alloys and heterostructures, 
attract attention due to their potential as thermoelectrics,[212–214] sensitized solar 
cells,[215,216] and, more recently, as topological insulators.[217–219] Several properties 
of these materials can be tuned by reduction of structural dimensionality or 
particle size.[220,221] Ultimately, this reduction leads to the formation of uncharged 
molecules[41] (Chapter 3.3) or polycations[42–48,204,222–233] [PnxChy]n+ in the 
presence of weakly coordinating anions, e.g., MX4– (M = Al, Ga, X = Cl, Br) or 
PnF6–. The reduction of structural dimensionality from 3D (or 2D) structures to 
“0D” entities can be traced in the case of Bi2Te3 via layered [Bi2Te2Br]AlCl4[42] to 
[Bi4Te4](AlCl4)4[222,223] or, similarly, for Sb2Se3 via fibrous [Sb2Se2]AlCl4[43] to 
[Sb10Se10](AlCl4)2[44] or [Sb7Se8](GaCl4)2(Ga2Cl7)3.[224] 
Aside from their relationship with the above-mentioned materials, [PnxChy]n+ 
cations exhibit outstanding properties of their own, such as the bismuth 
subsalicylates (BSS), which are used as therapeutic treatment of helicobacter-
pylori induced diseases[234,235] or [Sb7S8Br2](AlCl4)3, which shows nonlinear 
optical wave-mixing behavior.[45] Moreover, the [Pn4Ch4]4+ heterocubanes 
resemble the biologically important Fe4S4 ferredoxins. 
In this chapter, the controlled synthesis of a variety of new pnictogen-
chalcogen heteropolycations is presented, introducing a new realgar-based 
topology as well as one of the two largest main-group polycations. Thereby, the 
influence of starting materials, reaction medium, and temperature on product 
selectivity is shown.  
                                                 
d
 This chapter except for 5.2.2 has already been published with minor alterations in: 
M. F. Groh, J. Breternitz, E. Ahmed, A. Isaeva, A. Efimova, P. Schmidt, M. Ruck,  
Z. Anorg. Allg. Chem. 2015, 641, 388–393; 
and: 
M. F. Groh, A. Isaeva, U. Müller, P. Gebauer, M. Knies, M. Ruck, Eur. J. Inorg. Chem. 
2016, 2016, 880–889. 
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5.2 Results and Discussion 
Reacting mixtures of pnictogens (Pn = Sb, Bi) and chalcogens (Ch = S, Se, Te) 
or their binary compounds Pn2Ch3 (Bi2S3, Bi2Te3) under ionothermal[193–199] 
conditions in Lewis-acidic ionic liquids (ILs) [EMIm]X·nAlX3 or [BMIm]X·nAlX3 
(X = Cl, Br; [EMIm]+ = 1-ethyl-3-methylimidazolium, [BMIm]+ = 1-n-butyl-
3-methylimidazolium; n = 3.6–7.2) yielded several pnictogen-chalcogen 
heteropolycations (Figure 18) crystallized as their halogenido-aluminate salts. 
Among them are the new polycations [Bi6Te4Br2]4+, [Bi3S4AlCl]3+, and 
[Sb13Se16]7+. In some cases, addition of the respective pnictogen halide proved to 
be necessary for the activation of the starting materials. Furthermore, two new 
compounds with a formal “[Bi4Te4]3+” cation were obtained. However, this charge 
assignment based on the crystal structure models is challenged by magnetic 
susceptibility measurements. 
Figure 18. Structural diversity of the polycations synthesized in ILs: [Bi4Te4]4+ in 
[Bi4Te4](AlBr4)4 (upper left), [Bi6Te4Br2]4+ in [Bi6Te4Br2](AlBr4)4 (upper 
middle), [Bi3S4AlCl]3+ in [Bi3S4AlCl][S(AlCl3)3]AlCl4 (upper right), and 
[Sb13Se16]7+ in [Sb13Se16](AlCl4)6(Al2Cl7) (bottom). The ellipsoids represent 
90 % probability. 
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5.2.1 The Bismuth-Tellurium Polycations [Bi4Te4]4+ and [Bi6Te4Br2]4+ 
Mixed cube-shaped and realgar-like polycations of bismuth and tellurium can 
be obtained from the Lewis-acidic ILs [EMIm]Br·4.1AlBr3 or [BMIm]X·nAlX3 
(X = Cl, Br; n = 4.1–4.7). While the known [Bi4Te4](AlCl4)4,[222,223] has been 
produced in [BMIm]Cl·4.7AlCl3 with significantly improved yield,[38] switching 
from chlorine to bromine made two new compounds available. Thereby, the 
choice of the starting materials preordains the polycation species. 
If bismuth telluride and bismuth tribromide are reacted, [Bi4Te4](AlBr4)4 
crystallizes as the sole polycation phase after several days of annealing at 100 °C, 
regardless whether the IL is based on [BMIm]+ or [EMIm]+ (yields: 45–80 %; 
Supporting Figure 22, page 171). Without addition of bismuth bromide, Bi2Te3 
shows only low solubility in the employed ILs and no formation of a solid product 
from the brown solution was observed. The reaction of bismuth, tellurium, and 
bismuth tribromide in [BMIm]Br·4.1AlBr3 under the same conditions leads to the 
crystallization of the new polycation [Bi6Te4Br2]4+ (yield: >45 %; 
Supporting Figure 23, page 172). In the following, the structures of the two new 
compounds are discussed in detail. 
[Bi4Te4](AlBr4)4 is isostructural (Supporting Table 5, page 173) to the 
previously reported tetrachlorido-aluminate analog[222,223] and crystallizes in the 
tetragonal space group I4 (no. 82) with a = 1276.1(2) pm and c = 1171.2(2) pm 
(Figure 19, atomic parameters in Supporting Table 5 and Supporting Table 6, 
page 173). The S4-symmetric [Bi4Te4]4+ polycation (Figure 18, upper left) exhibits 
only a slight deviation from cubic shape (Bi–Te: 294.6(2) and 302.8(2) pm; in 
Bi2Te3:[236] 307.09(4) and 325.61(2) pm). The differing anion virtually does not 
affect the bond lengths within the cation (Bi–Te in [Bi4Te4](AlCl4)4:[222,223] 
294.9(1) und 301.7(1) pm). An alternative description of the cubes is a 
superposition of two homoatomic tetrahedra.[204] Owing to the similar size of 
bismuth and tellurium atoms, the two tetrahedra are almost congruent (Bi·· ·Bi: 
413.8(2)–423.2(2) pm; Te···Te: 408.9(2)–431.0(2) pm) and are thus forming a 
marginally distorted cube. In the homologous series [Bi4Ch4]4+ (Ch = Te, Se, S), 
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the distortion of the cubes increases toward sulfur due to the decreasing size of the 
chalcogen atoms.[204] Formal charge separation suggests bismuth(III) and 
tellurium(–II). This clearly overestimates the polarity of the bonds, although the 
Bi–Te distances are close to the sum of the ionic radii of Bi3+ (117 pm) and Te2– 
(207 pm).[237] 
The [Bi4Te4]4+ polycations are shielded from each other or, from another point 
of view, connected by AlBr4– tetrahedra in a manner recalling the structure of 
elemental indium, given that the ions are regarded as identical spheres.[204] The 
shortest distances between bismuth and bromine atoms (Bi–Br: 
313.4(2)−332.4(2) pm) resemble the distance range of the secondary interactions 
in α-BiBr3[238] (primary: 266 pm; secondary: 332 pm), evincing a distorted 
octahedron as coordination polyhedron for all bismuth atoms (Figure 20). Every 
Figure 19. Crystal structure of [Bi4Te4](AlBr4)4. AlBr4– groups are shown as gray 
tetrahedra, [Bi4Te4]4+ as blue cubes. The ellipsoids represent 90 % 
probability. 
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AlBr4– tetrahedron is connected to two [Bi4Te4]4+ cubes by three out of its four 
bromine atoms (µ3-1κBr1:2κBr2:3κBr3). The fourth bromine atom (Br4) of the 
anion can be considered as non-interacting within a reasonable range of possible 
bonding distances. The strength of the bromine-bismuth interactions is reversely 
reflected by the corresponding aluminum-bromine bond lengths (Figure 20): The 
non-interacting bromine atom features the shortest Al–Br bond with 225.3(5) pm, 
which is close to the terminal Al–Br bond in Al2Br6 (average 222 pm).[239] The 
three connecting bromine atoms, however, exhibit longer Al–Br bonds (up to 
233.1(5) pm for Br1; cf. in Al2Br6:[239] average 241 pm for the bridging Br atoms). 
The quantification of the Bi···Br interactions by bond-length bond-strength 
correlations[240] (full list in Supporting Table 7, page 174) renders them as non-
negligible with strengths between 0.15 and 0.25. In order to elucidate the nature of 
these interactions, density functional theory (DFT) based band structure 
calculations (Figure 21 and Figure 22) were carried out. The calculated band gap 
of about 1.7 eV accords well with the deep red, almost black color of the crystals.  
The total density of states shows significant mixing of bismuth, bromine, and 
tellurium contributions over a large energy interval below the Fermi level, thus 
implying bonding interactions between these atoms. 
Figure 20. Representation of the coordination of the [Bi4Te4]4+ cations in 
[Bi4Te4](AlBr4)4 by AlBr4– tetrahedra with corresponding interatomic 
distances (/ pm). Broken-off bonds indicate bonds to adjacent bromine 
atoms. 
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Furthermore, the partial DOS of the bridging bromine atoms differs from that 
of the bromine atom only bonded to aluminum: the former states lie lower in 
energy and show a larger dispersion (Figure 22).  
  
Figure 21. Calculated density of states for [Bi4Te4](AlBr4)4 (total) with the projected 
atomic contributions. 
Figure 22. Calculated partial density of states (pDOS) for Br1 (bonded to Bi and Al, 
left) and Br4 (only bonded to Al, right) in [Bi4Te4](AlBr4)4. Note the less 
pronounced dispersion for Br4. The pDOS of Br2 and Br3 are very similar to 
Br1. 
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Thus, the shorter bromine-bismuth distances in the structure signify partially 
covalent bonding interactions. These appear to be more covalent than the Al–Br 
bonds, which can be rationalized in the framework of Pearson’s acid base concept 
(HASB). Hence, a description of the structure as an arrangement of isolated 
cations and anions is not adequate; instead the structure of [Bi4Te4](AlBr4)4 
should be rationalized as a three-dimensional coordination network. 
The second new tetrabromido-aluminate salt, [Bi6Te4Br2](AlBr4)4, crystallizes 
in the triclinic space group P1 (no. 2) with lattice parameters a = 1242.3(2) pm, 
b = 1243.6(2) pm, c = 1618.9(2) pm, α = 100.962(8)°, β = 104.237(8)°, and 
γ = 106.444(8)° (Figure 23; atomic parameters in Supporting Table 8 and 
Supporting Table 9, pages 175−176). The hitherto unknown bismuth-tellurium-
bromide polycation(-type) [Bi6Te4Br2]4+ (Figure 18, upper middle) can be 
considered as a formally uncharged [Bi4Te4] realgar cage [Bi–Te: 
290.72(9)−295.2(2) pm; Te–Bi–Te: 88.89(3)−89.66(3)°; Bi–Bi: 306.78(7) pm and 
Figure 23. Crystal structure of [Bi6Te4Br2](AlBr4)4. AlBr4– groups are shown as gray 
tetrahedra. The ellipsoids represent 90 % probability. 
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307.57(8) pm, cf. 307.1 pm in elemental Bi[241]] with two capping [BiIIIBr]2+ 
dumbbells (Bi–Br: 263.9(2) pm and 265.5(2) pm, cf. 266 pm for primary bonds in 
α-BiBr3[238]). The bismuth atom of each dumbbell bridges two tellurium atoms of 
the realgar cage. The terminal bromine atoms of the polycation point toward the 
same Bi–Bi dumbbell (Bi2−Bi3) of the realgar-cage, the latter lying perpendicular 
to the imaginary line between the bromine atoms (Br···Bi: 333.3(2)–
347.6(2) pm). The Te···Te distances are not affected by the capping (all Te···Te: 
410.0(2)–411.8(2) pm). In addition, the bond angles between the capping bismuth 
atom and the tellurium atoms are only slightly smaller than 90° (Te1–Bi1–Te2: 
85.59(2)° and Te3–Bi4–Te4: 85.82(3)°). However, the Bi–Te bond length 
(298.4(2)–304.66(9) pm) is significantly longer for the capping bismuth atom 
compared to those within the realgar-cage (see full list of distances and calculated 
bond strengths[240] in Supporting Table 10 to Supporting Table 12, 
pages 177−179). The polycation shape is very close to C2v symmetry. 
Similar to the case of [Bi4Te4](AlBr4)4, the polycations are connected via 
AlBr4– tetrahedra. Thereby, the three shortest distances (314.6(2)–331.3(2) pm, 
corresponding bond strengths: 0.24–0.15) are found between the capping bismuth 
atoms and the surrounding bromine atoms constituting a distorted octahedral 
coordination for the former (Figure 24). Owing to the size of the AlBr4– 
tetrahedra, one Br–Bi–Br bond angle is widened and the bonding pattern generally 
resembles the one in the structure of the Lewis adduct (Bi2Br4)(AlBr4)2 (primary 
Bi–Br: 255.5(1) pm; Bi–BrAlBr4: 306.1(2) pm and 313.7(1) pm; Figure 24).[242] 
Figure 24. Comparison of the bonding scenario for (Bi2Br4)(AlBr4)2 (left) and the 
bridging bismuth atoms in [Bi6Te4Br2](AlBr4)4 (right). 
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The calculated electronic band structure predicts semiconducting behavior with 
a band gap of 1.4 eV, which is consistent with the black color of the substance. A 
bonding scenario similar to [Bi4Te4](AlBr4)4 can be concluded from the broad 
dispersion of the mixed states (Figure 25 and Figure 26). However, the states at 
the top of the valence band (at about –1 eV) have more localized character and are 
separated from the lower lying ones by a small gap of 220 meV. The highest 
occupied states are dominated by the p-states of the bismuth atoms in the realgar-
cage (Figure 26). In contrast, the p-states of the capping bismuth atoms are lower 
in energy, likely due to the strong bonds with the terminal bromine atoms. 
Translated into oxidation states, these differences between the bismuth atoms are 
reflected by the formula [Bi4IITe4–II](BiIIIBr–I)2. Thus, an interpretation of the 
[Bi6Te4Br2]4+ polycation following the idea of the Zintl-Klemm concept, in which 
the positive charge would formally be allocated at the three-bonded tellurium 
atoms, is inappropriate. The projected DOS of the bromine atoms resembles the 
case of [Bi4Te4](AlBr4)4. Again, the p-states of the bromine atoms that are not 
bonded to bismuth atoms (Br10, Br14) show a less pronounced dispersion than 
those of the interacting bromine atoms (Figure 26). 
  
Figure 25. Calculated density of states for [Bi6Te4Br2](AlBr4)4 (total) with the projected 
atomic contributions. 
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Realgar-type cages are well known for the lighter elements of groups 15 and 
16: e.g., in the eponymous mineral α-As4S4[243] as well as in S4N4,[244] As4Se4,[245] 
or [Te4S4]2+.[246] A combination of antimony and selenium in a realgar cage has 
been realized in the [Sb10Se10]2+ polycation, which consists of two [Sb4Se4] units 
bridged by a [Sb2Se2] ring.[44] The discussed [Bi6Te4Br2]4+ polycation represents 
the first instance of a bismuth-chalcogen realgar-cage. For the elements in group 
14, this structural motif has also been discovered in the  Sn8]4– layers of 
NaSn2.[247] The structural arrangement of concatenated realgar-type cages can also 
be found in all crystalline allotropes of red and violet phosphorus.[151–154,248–250] 
  
Figure 26. Calculated partial density of states (pDOS) for Bi1 (not bonded to any Bi 
atom = capping Bi, upper left), Bi2 (part of the Bi-Bi dumbbell in the realgar 
core, upper right), Br9 (bonded to Bi and Al, bottom left), and Br10 (only 
bonded to Al, bottom right) in [Bi6Te4Br2](AlBr4)4. Note the less pronounced 
dispersion for Br10. For Bi1, the shorter bonding distance to bromine and 
the absence of a bismuth neighbor result in a stronger dispersion and 
energetically lower states below the Fermi level. 
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5.2.2 The Formally Threefold-Positive Cation “[Bi4Te4]3+” 
Substitution of the [BMIm]+ cation by [EMIm]+ in combination with Bi, Te, 
and BiBr3 as starting materials led to the formation of two puzzling phases in the 
Lewis-acidic IL [EMIm]Br·4.1AlBr3: The black clorido-aluminate salts of the 
formally threefold charged cation “[Bi4Te4]3+”, [Bi4Te4](AlBr4)2(Al2Br7) and 
[Bi4Te4](AlBr4)3. 
If the starting materials are reacted at 100–140 °C, [Bi4Te4](AlBr4)2(Al2Br7) is 
yielded as the main product with varying amounts of Bi2Te3 as by-product (see 
diffractogram in Supporting Figure 24, page 180). The latter appears to occur in 
larger amounts if the temperature is increased, which might indicate 
decomposition of the cluster phase into Bi2Te3. However, thermo-chemical 
investigations via differential scanning calorimetry (DSC) were not meaningful 
due to hindered crystallization and/or low sensitivity. Apart from the first 
dissolution of AlBr3, no signal could be detected if an appropriate mixture of Bi, 
Te, BiBr3, AlBr3, and [EMIm]Br were heated and cooled twice. The formation of 
Bi2Te3 obscures the reaction mechanism since employment of this compound as 
starting material in the presence of BiBr3 leads to the formation of 
[Bi4Te4](AlBr4)4 (chapter 5.2.1). Therefore, a portion of BiBr3 might have 
partaken in an unknown side-reaction. 
In some cases, [Bi4Te4](AlBr4)3 was yielded instead of 
[Bi4Te4](AlBr4)2(Al2Br7) together with another by-product if the reaction 
temperature was set to 100 °C (see diffractogram in Supporting Figure 25, 
page 181). However, no conclusion could be drawn whether there is any 
thermodynamic preference (cf. [Sb13Se16](AlCl4)6(Al2Cl7) in chapter 5.2.4); a 
kinetic regulation or an unknown reaction parameter seem likely. The by-product 
appears to contain AlBr4– and [Bi4Te4] cations (preliminary structure model) as 
well. However, several attempts to establish an acceptable model for its crystal 
structure were thwarted by the insufficient quality of all measured single crystals. 
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[Bi4Te4](AlBr4)2(Al2Br7) crystallizes in the chiral, tetragonal space group 
P41212 (no. 92) with a = 1137.75(6) pm and c = 2857.0(2) pm at 296(1) K. For 
atomic parameters and selected interatomic distances, see Supporting Table 13 to 
Supporting Table 15, pages 182–183. One unit cell comprises four [Bi4Te4] 
polycations, eight AlBr4– tetrahedra and four Al2Br7– corner-sharing tetrahedra 
Figure 27. Crystal structure of [Bi4Te4](AlBr4)2(Al2Br7). AlBr4– groups are shown as 
gray tetrahedra with white edges, Al2Br7– with black edges, “[Bi4Te4]3+” as 
blue cubes. The ellipsoids represent 90 % probability. 
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pairs (Figure 27). Just like in [Bi4Te4](AlBr4)4 (Figure 28, Table 5), the cations 
deviate only marginally from cubic shape (Bi–Te: 293.8(2)–300.4(2) pm). 
Similar to [Bi4Te4](AlBr4)4 and [Bi6Te4Br2](AlBr4)4, the shortest distances 
between cations and anions are between bismuth and bromine atoms (Bi–Br: 
≥ 334.2(2) pm; cf. in α-BiBr3:[238] primary: 266 pm; secondary: 332 pm) and 
indicate still significant attractive interactions. However, the shortest Bi–Br 
contact is approx. 20 pm longer than in [Bi4Te4](AlBr4)4 (313.4(2) pm), which can 
be attributed to the lower charge of the cation. 
There is no fundamental gap in the bismuth-bromine distances histogram up to 
400 pm and the coordination polyhedra for the bismuth atoms are irregularly 
shaped. The anions feature typical bond lengths of 226.5(4)–229.8(4) pm for 
AlBr4– as well as 222.8(5)–226.5(5) pm and 235.7(4) pm for Al2Br7– (cf. 
Al2Br6:[239] 222 pm and 241 pm). 
Based on the structure model and the easily assignable charges for the anions, 
the [Bi4Te4] cations should bear the (average) charge of 3+. This odd electron 
count would result in unpaired electrons (if not compensated by a superstructure 
or disorder) and thus paramagnetic behavior. However, temperature-dependent 
measurements of the magnetic susceptibility of a microcrystalline sample of 
[Bi4Te4](AlBr4)2(Al2Br7) revealed undoubtedly temperature-independent, 
diamagnetic behavior and no phase transition in the temperature range of 
1.8−300 K (Figure 29). Neither the contamination of the sample by minor 
amounts of Bi2Te3 nor adhering IL should conceal a paramagnetic effect of one 
Figure 28. Comparison of the cations [Bi4Te4]n+ in [Bi4Te4](AlBr4)4 (left), in 
[Bi4Te4](AlBr4)2(Al2Br7) (middle), and in [Bi4Te4](AlBr4)3 (right). The 
ellipsoids represent 90 % probability. 
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unpaired, localized electron per formula unit. In addition, the measured 
susceptibility accords well with a calculated one based on diamagnetic 
increments[251] (−9.25·10–4 emu·mol–1). 
 
Table 5. Comparison of the interatomic distances (/ pm) in [Bi4Te4]n+ in all bromido-
aluminate salts at 296(1) K. 
Atom pair [Bi4Te4](AlBr4)4 [Bi4Te4](AlBr4)2(Al2Br7) [Bi4Te4](AlBr4)3 
Bi Te 294.6(2)–302.8(2) (average: 297.4) 
293.8(2)–300.4(2) 
(average: 296.6) 
294.9(2)–300.1(3) 
(average: 298.2) 
Bi Bi 413.8(2)–423.2(2) (average: 416.9) 
408.5(1)–422.4(1) 
(average: 415.3) 
411.3(2)–420.1(2) 
(average: 416.8) 
Te Te 
408.9(2)–431.0(2) 
(average: 423.6) 
407.4(1)–432.4(1) 
(average: 422.9) 
422.7(3)–432.9(3) 
(average: 426.3) 
 
The related compound [Bi4Te4](AlBr4)3 features an identical mismatch 
between proposed charge assignment derived from the crystal structure and 
magnetic properties. It crystallizes apparently in the orthorhombic space group 
Figure 29. Temperature dependency of the molar magnetic susceptibility of a sample of 
[Bi4Te4](AlBr4)2(Al2Br7) with minor impurities of Bi2Te3 and the employed 
IL. The typical increase at low temperature is due to a few paramagnetic 
impurities like e.g. steel residues from a spatula or adhering dust. 
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Pna21 (no. 33) with a = 1172.0(2) pm, b = 1693.1(3) pm, and c = 1636.7(2) pm 
(Figure 30; for atomic parameters and selected interatomic distances, see 
Supporting Table 16 to Supporting Table 18, pages 184–186). 
In this compound, the “[Bi4Te4]3+” polycations (Figure 28, Table 5) also 
feature the typical, almost cubic shape (Bi–Te: 294.9(2)–300.1(3) pm). They are 
surrounded by AlBr4– tetrahedra in a similar manner compared to [Bi4Te4](AlBr4)4 
considering the coordination spheres of the bismuth atoms but with a significantly 
longer Bi−Br distance (328.6(3)−350.7(4) pm; cf. in [Bi4Te4](AlBr4)4: 
313.4(2)−332.4(2) pm), which matches the anticipated lower cation charge. All 
bromine atoms of the AlBr4– anions participate in connecting the “[Bi4Te4]3+” 
cubes in [Bi4Te4](AlBr4)3. Two of the three independent anions connect four 
cations. The third one bridges three cubes similar to the anions in [Bi4Te4](AlBr4)4 
Figure 30. Crystal structure of [Bi4Te4](AlBr4)3. AlBr4– groups are shown as gray 
tetrahedra, “[Bi4Te4]3+” as blue cubes. The ellipsoids represent 90 % 
probability. 
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via a bismuth-bismuth face diagonal and two single bismuth vertices. The AlBr4– 
tetrahedra feature no structural peculiarities (Al–Br: 227.4(8)–231.9(8) pm). 
Like in the case of [Bi4Te4](AlBr4)2(Al2Br7), this structural model is unable to 
comply with the magnetic susceptibility measurements (Figure 31). In both cases, 
the measured magnetic properties do not support the presence of localized 
unpaired electrons (Langevin paramagnetism). This suggests that either the 
structure models and compositions or the assumption of a localized electron is not 
valid. 
If assumed that the crystal structure models are correct and the cation charge is 
indeed +3, the overall diamagnetism of the sample could be, in principle, 
explained by the presence of (quasi) free electrons. In this case, weak 
paramagnetic effects of these free electrons (Pauli paramagnetism) could be 
masked by the strong diamagnetic contributions of the heavy elements bismuth 
and tellurium. On the other hand, the presence of free electrons should account for 
Figure 31. Temperatur dependency of the molar magnetic susceptibility of a sample of 
[Bi4Te4](AlBr4)3 with negligible impurities of an unknown by-product and 
the employed IL. The typical increase at low temperature is due to a few 
paramagnetic impurities like e.g. steel residues from a spatula or adhering 
dust. The calculated molar susceptibility based on diamagnetic 
increments[251] would be –8.15·10–4 emu·mol–1. 
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metallic properties of the compound. The adhering IL and insufficient size of the 
crystals hindered direct conductivity measurements so far. Nevertheless, metallic 
behavior of the compounds is rather unlikely due to the presence of halogenido-
aluminate anions and the huge distance between cations. One of the possibilities 
that could reconcile these two facts would be a limited mobility of quasi-free 
electrons. For instance, short-range mobility of unpaired electrons might occur 
whose conductivity will be restricted to hopping inside one Bi-Te cube. The 
ability to observe this effect would strongly depend on the so far unknown spin-
lattice relaxation time of this process and thus the “hidden” paramagnetic effect 
would be only traceable by resonance spectroscopy. 
Another explanation for the measured properties would be a charge ordering 
and electron pairing in a hidden superstructure of alternating [Bi4Te4]4+ cubes and 
“[Bi4Te4]2+” cations. The hypothetical presence of “[Bi4Te4]2+” cubes next to their 
fourfold charged congeners might simulate the measured X-ray patterns if the 
shape of “[Bi4Te4]2+” polycations is virtually the same as of [Bi4Te4]4+. In this 
case, the disorder would be nearly impossible to detect by means of X-ray 
diffraction. 
In order to shed light on the shape of “[Bi4Te4]n+” cubes, DFT-based structural 
optimizations of isolated cations were carried out (Figure 32; 
Supporting Table 19, page 186). Without its surrounding anions, the [Bi4Te4]4+ 
cation features Td symmetry and slightly elongated Bi–Te distances in comparison 
to e.g., in the crystal structure of [Bi4Te4](AlBr4)4. Lowering the charge to +3 
results in an elongation of the cube toward a distorted tetragonal symmetry (C2v). 
Parallel to the elongated axis, the rectangular faces are contorted toward each 
other. Finally, an isolated “[Bi4Te4]2+” is strongly distorted with a pronounced tilt 
and a significant spread of Bi–Te distances.  
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While multiple orientations of the “[Bi4Te4]3+” cation might mimic the shape 
of the fourfold charged cube, the strong distortion of “[Bi4Te4]2+” rather objects 
the presence of “[Bi4Te4]2+” polycations. However, this computed effect of the 
distortion might be overemphasized due to the absence of the surrounding anions. 
Unfortunately, taking the anionic environment (or more ions in general) into 
account impedes the calculations. Utilizing only the closest anions and fixing their 
positions strongly overestimates their influence. Calculating a superstructure 
would be too time-consuming. Additionally, one would expect a rather flat energy 
surface owing to the permutation of possible locations for polycations with 
different charge as well as their orientations. Therefore, the issue of existence of 
twofold charged [Bi4Te4] cubes could not be resolved with the employed DFT 
methods. 
Lastly, there is another possible explanation for the X-ray pattern and the 
magnetic properties: The odd charge of the cations would not lead to an odd 
electron count if the proposed unpaired electron is utilized for a bond to a 
Figure 32. Comparison of the crystallographically found and calculated shape of 
“[Bi4Te4]n+” cations. Upper left: [Bi4Te4]4+ in [Bi4Te4](AlBr4)4. Upper right: 
[Bi4Te4]4+ calculated. Lower left: [Bi4Te4]3+ calculated. Lower right: 
[Bi4Te4]2+ calculated. Interatomic distances are given in pm. 
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hydrogen atom. The latter might have been abstracted from an imidazolium cation 
of the IL. 
A hydrogen atom is difficult to detect by X-ray diffraction in the discussed 
structures owing to the presence of heavy elements and the quality of the 
measured crystals. In addition, several positions for the hydrogen atoms might be 
possible, which further thwarts localization. However, spectroscopic methods like 
infrared/Raman or NMR spectroscopy could be applied to check this hypothesis. 
A similar case of hydrogen atoms bonded to main-group element clusters has 
been reported for the polyanions [Sm@Ga3–xH3–2xBi10+x]3– (x = 0, 1),[252,253] 
[HSn9]3–,[254] and [Ni@HSn9]3–.[254] In these studies, the bonds towards the 
hydrogen atoms were examined by NMR, infrared, and mass spectroscopy as well 
as quantum-chemical calculations.[252–254] 
In conclusion, extensive research effort is still needed to elucidate the structure 
and composition of the two presented compounds as well as its magnetic 
properties.  
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5.2.3 The Augmented Bismuth-Sulfur Polycation [Bi3S4AlCl]3+ 
Bismuth sulfide (mineral name: bismuthinite) is hardly soluble in classic 
solvents. Harsh conditions, such as hot nitric acid, are necessary for dissolution. 
However, Bi2S3 readily dissolves in the Lewis-acidic IL [BMIm]Cl·nAlCl3 
(n = 3.6, 7.2; the latter resulting in an insoluble excess of AlCl3) at elevated 
temperatures. Annealing the resulting brown solution at 200 °C for several days 
yielded the first mixed polycation of bismuth, sulfur, aluminum, and chlorine, 
[Bi3S4AlCl]3+ (Figure 18, upper right; and Figure 33) in the compound 
[Bi3S4AlCl][S(AlCl3)3]AlCl4.  
An almost single-phase, pale yellow product is obtained in high yield (50–
80 %, plus a few crystals of Bi5(AlCl4)3, see diffractogram Supporting Figure 26, 
page 187) by using a high concentration of AlCl3 (n = 7.2). Halving the content of 
the Lewis acid resulted in the formation of bigger crystals of the target compound 
but only as a secondary phase to an unidentified, microcrystalline main product. 
The IL is not necessary for the formation of [Bi3S4AlCl][S(AlCl3)3]AlCl4. 
Using pure AlCl3 at 200 °C in a solid-state reaction leads to a microcrystalline 
powder mainly consisting of the desired product but contaminated with at least 
one unknown by-product resulting in a darker color of the whole sample 
(Supporting Figure 27, page 188). The IL-based approach, however, promotes 
crystal growth and improves sample purity, and moreover, provides dissolved 
Bi2S3 for further reactions. The latter has been exploited for the synthesis of 
M2Bi2S3(AlCl4)2 (M = Cu, Ag; see Chapter 3.3).[41] The synthesis of 
[Bi3S4AlCl][S(AlCl3)3]AlCl4 follows the chemical reaction in Scheme 3. Because 
of the high solubility of BiCl3 in the chosen IL, this reaction has no solid by-
products. The very few crystals of Bi5(AlCl4)3 could originate from small 
reductive impurities such as elemental bismuth in the employed Bi2S3. 
 
15 AlCl3 + 5 Bi2S3 → 3 [Bi3S4AlCl][S(AlCl3)3]AlCl4 + BiCl3 
Scheme 3. Proposed chemical reaction of AlCl3 and Bi2S3. 
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[Bi3S4AlCl][S(AlCl3)3]AlCl4 crystallizes as yellow platelets with trigonal habit 
but triclinic symmetry in space group P1 (no. 2) with a = 1043.3(2) pm, 
b = 1049.1(2) pm, c = 1661.6(2) pm, α = 98.200(7)°, β = 93.469(6)°, and 
γ = 119.561(4)° (atomic parameters in Supporting Table 20 and 
Supporting Table 21, pages 189−190). Apart from the [Bi3S4AlCl]3+ polycation, 
which resembles the recently described [Bi3GaS5]2+ polycation (Figure 34),[46] the 
unit cell also comprises AlCl4– tetrahedra and novel [S(AlCl3)3]2– anions 
(Figure 33). The [Bi3S4AlCl]3+ polycation can be derived from a [Bi4S4]4+ 
heterocubane[204] via replacement of one Bi3+ vertex with an [AlIIICl]2+ dumbbell 
(Al–Cl: 204.0(5) pm) oriented along one of the space diagonals (C3v symmetry). 
In order to achieve a mostly undistorted tetrahedral environment, the aluminum 
vertex is shifted toward the center of the cube (Figure 34). The Al–S distances 
(229.7(4)–230.5(4) pm) fall into a range typical for tetrahedral coordination if 
compared, for instance, with LiAlS2[255] (framework structure; Al−S: 224.6–
232.4 pm) or Na6Al2S6[256] (Al2S6 dimers; terminal Al−S: 219.5(3)−221.5(3) pm; 
Figure 33. Crystal structure of [Bi3S4AlCl][S(AlCl3)3]AlCl4. The ellipsoids represent 
90 % probability. 
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bridging Al–S: 228.9(3)–230.6(3) pm). The Bi–S bond lengths (263.8(3)–
266.6(2) pm) and angles (S–Bi–S: 84.55(8)–86.76(7)°; Bi−S−Bi: 92.79(8)–
94.86(9)°) differ only marginally from those in the related cation [Bi4S4]4+ (Bi–S: 
266.0(3)–269.7(3) pm; S–Bi–S: 84.26(1)–88.66(1)°; Bi−S−Bi: 91.05(1)–
95.68(1)°).[204] 
Another cluster similar to [Bi3S4AlCl]3+ exists in Cs7NbIn3As5 in the form of 
isolated, rhombohedrally distorted, cubane-based Zintl anions [{In3As4Nb}–As]7– 
separated by cesium ions (Figure 34).[257,258] 
Analogous to the aforementioned bismuth-tellurium polycations, the 
[Bi3S4AlCl]3+ polycations feature significant bonding interactions between their 
bismuth atoms and the two different anionic counterparts (shortest Bi–Cl distance: 
302.8(2) pm; with a bond strength of ~0.23; for a full table of all bond lengths and 
calculated bond valences,[240] see Supporting Table 22 and Supporting Table 23, 
pages 191–192). Each cation (C3v symmetry) is coordinated by three AlCl4– 
tetrahedra (Td symmetry, Al–Cl: 212.2(4)–215.3(4) pm) and three [S(AlCl3)3]2– 
anions (C3v symmetry, Al–Cl: 210.7(4)–213.1(4) pm; Al–S: 226.7(4)–
228.5(4) pm, cf. bridging Al–S bonds in Na6Al2S6:[25] 228.9(3)–230.6(3) pm).  
Taking the bonds between polycations and anions into account reveals layers 
parallel (001) (Figure 35 and Figure 36). Threefold axes of all groups are oriented 
(almost) perpendicular to this plane and the arrangement of the groups is (almost) 
trigonal. As a result, the pseudo-symmetry of the layer group p3m1 (no. 69) 
prevails. The chlorine “handles” of the polycations protrude from the layers and 
Figure 34. The complex ions [Bi3S4AlCl]3+ in [Bi3S4AlCl][S(AlCl3)3]AlCl4 (left), 
[Bi3GaS5]2+ in [Bi3GaS5]2[Ga3Cl10]2(GaCl4)2·S8 (middle),[46] and 
[{In3As4Nb}–As]7– in Cs7NbIn3As5 (right).[257,258] The ellipsoids represent 
90 % probability. 
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interlock adjacent layers pairwise (Figure 36). Such a double-layer, represented by 
the unit cell in Figure 4, could have the symmetry of the layer group p3m1 
(no. 72), however, the misfit of local threefold axes reduces the overall symmetry 
to triclinic. Nonetheless, the trigonal layer symmetry manifests itself in the crystal 
morphology. 
The [S(AlCl3)3]2– anion is an adduct of three aluminum chloride molecules 
(Lewis acids) with a µ3-bridging sulfide anion (Lewis base), i.e. three tetrahedra 
sharing one (sulfur-)vertex (Figure 33 and Figure 35). Since chlorine and sulfur 
atoms have almost equal X-ray scattering powers (atomic form factors), 
assignment of the elements demands further considerations or calculations. In 
view of the reported compound [Bi3GaS5]2[Ga3Cl10]2(GaCl4)2·S8[46] with its 
switched atom assignment in the complex anion [Ga3Cl10]− = [Cl(GaCl3)3]– 
(Cl center) and the cation [Bi3GaS5]2+ (Ga–S “handle”), bond-length bond-
Figure 35. Visualization of a part of one layer in [Bi3S4AlCl][S(AlCl3)3]AlCl4 with 
trigonal pseudo-symmetry. The tilted unit cell represents the oblique 
stacking of the layers. 
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strength correlations[240] as well as DFT-based quantum-chemical calculations 
were employed to evaluate the complex anion and the cation. The terminal 
chlorine atom (Cl1) of the polycation [Bi3S4AlCl]3+ resides at a distance of 
204.0(5) pm from the aluminum atom, which corresponds to a bond valence of 
ν = 0.97, i.e. a single bond. Replacement of the chlorine by a sulfur atom would 
result in ν = 1.27 only, even if the second closest cation (Al5, d = 490.5(5) pm) is 
taken into account. On the other hand, the sulfur atom in [S(AlCl3)3]2– has a bond 
valence sum of Σν = 2.04. If it were a chlorine atom, one would come up with an 
exceeding valence sum of Σν = 1.55 (Table 6). 
The very same arguments can also be applied to the reported [Bi3GaS5]2+ 
cation and the anion [Ga3Cl10]–. Since the ionic radii of Al3+ and Ga3+ are quite 
similar, the interatomic distances and calculated bond valences for the complex 
ions of [Bi3GaS5]2[Ga3Cl10]2(GaCl4)2·S8 (Table 7) are analogous to those in 
[Bi3S4AlCl][S(AlCl3)3]AlCl4. 
  
Figure 36. Visualization of the (oblique) stacking of the layers in 
[Bi3S4AlCl][S(AlCl3)3]AlCl4. 
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Table 6. Selected interatomic distances d (/ pm) in [Bi3S4AlCl][S(AlCl3)3]AlCl4 at 
296(1) K and calculated bond valences ν for different element assignments 
(left: as discussed in the text; right: interchanged). The bond valences ν are 
calculated according to Brese and O’Keeffe:[240] ν = exp[(Rij – dij)/b] with 
b = 37 pm, RAlS = 213 pm, and RAlCl = 203 pm. 
Atom pair d ν  Atom pair d ν 
S5  Al3  226.7(4) 0.69  S5 as Cl Al3  226.7(4) 0.53 
 Al4  226.8(4) 0.69   Al4  226.8(4) 0.53 
 Al2  228.5(4) 0.66   Al2  228.5(4) 0.50 
 
  
Σν = 2.04     Σν = 1.56 
         
Cl1 Al1 204.0(5) 0.97  Cl1 as S Al1 204.0(5) 1.28 
 
Table 7. Selected interatomic distances d (/ pm) in [Bi3GaS5]2[Ga3Cl10]2(GaCl4)2·S8 at 
200 K[46] and calculated bond valences ν for different element assignments 
(left: as published; right: interchanged). The bond valences ν are calculated 
according to Brese and O’Keeffe:[240] ν = exp[(Rij – dij)/b] with b = 37 pm, 
RGaS = 217 pm, and RGaCl = 207 pm. Please note that the values Rij were 
calculated for room temperature. Therefore, slightly too high bond valences 
ν must result. 
Atom pair d ν  Atom pair d ν 
Cl1 Ga4 227.3 0.58  Cl1 as S Ga4 227.3 0.76 
 Ga3 227.5 0.57   Ga3 227.5 0.75 
 Ga2 228.6 0.56   Ga2 228.6 0.73 
 
 
 Σν = 1.71     Σν = 2.24 
         
S5 Ga1 208.4 1.26  S5 as Cl Ga1 208.4 0.96 
 
The assignment of elements is further supported by DFT-based calculations for 
the complex anions [X(AlCl3)3] (X = S2–, Cl–). The starting geometries were taken 
from the crystal structure (Figure 33) and optimized with the ADF program 
package.[111,112] The final geometries of the anions (without taking interactions to 
cations into account; Figure 37) differ significantly since “staggered” 
conformations result with the chlorine atoms avoiding each other. The bond 
angles Al–X–Al at the central atom increase from 107–109° to about 115° for 
[S(AlCl3)3]2–. However, for [Cl(AlCl3)3]–, they open to about 119°, and thus an 
almost planar coordination is found for the central chlorine atom. The latter 
conformation corresponds to a saddle point in the energy hypersurface. Therefore, 
in order to find a local minimum, an ideal planar coordination for Cl– and 
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“staggered” AlCl3 groups were utilized as starting conformation. The resulting 
equilibrium geometry (no imaginary frequencies found; Figure 37) shows only 
minor changes and has virtually the same bond energy[259] as the saddle-point 
geometry. A hypothetical exchange reaction between the anions with S2– 
substituting for Cl– (Scheme 4) was found to be energetically favorable by 
approximately 8 eV (Scheme 4; Supporting Table 24 and Supporting Table 25, 
pages 193–194), which strongly supports the assignment of the elements. 
[Cl(AlCl3)3]– + S2– → [S(AlCl3)3]2– + Cl– 
Scheme 4. Hypothetical exchange reaction of the central atom in [X(AlCl3)3] 
(X = S2−, Cl–; ∆ER = –8.189 eV; EF(Cl–) = –3.906 eV; EF(S2−) = 1.586 eV).  
For [Cl(AlCl3)3]–, the energy of the saddle point is slightly lower than that of 
the local minimum (Supporting Table 25, page 194). Since the equilibrium 
geometries differ only marginally (Figure 37), it seems that the corresponding 
potential energy surface is relatively flat. Given the large energetic difference 
between [S(AlCl3)3]2– and [Cl(AlCl3)3]–, the possibility that the results are 
Figure 37. Comparison of the measured and equilibrium geometries of [X(AlCl3)3] 
(X = S2–, Cl–). Upper left: [S(AlCl3)3]2– as measured (~C3v, bond angles 
Al−S–Al: 107–109°); upper right: [S(AlCl3)3]2– optimized (C3, bond angles 
Al–S–Al: ~115°); lower left: [Cl(AlCl3)3]– optimized, saddle point (C3, bond 
angles Al–Clcent–Al: ~119°); lower right: [Cl(AlCl3)3]– optimized, local 
minimum (C3h, bond angles Al–Clcent–Al: ~120°). 
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thwarted by energetically more favorable equilibrium geometries of [Cl(AlCl3)3]– 
or crystal-field effects is negligible. 
Apparently, there are no examples of isolated µ3-connected [X(MX3)3]– anions 
(M = Al, Ga; X = F, Cl, Br, I) in literature. Quantum-chemical simulations have 
proposed chains to be the favorable addition products of MCl3 and MCl4– 
(M = Al, Ga).[260–263] In the case of [Ga3Cl10]–, experimental evidence of chain 
constitution was reported by Kloo et al.[264,265] Furthermore, there is a much higher 
tendency to crystallize isolated tetrahedra of the halogenido-aluminates and -
gallates than one would expect from the proposed species equilibrium in the ILs. 
Assuming similar behavior of [BMIm]+ and [EMIm]+ ILs, virtually no AlCl4– 
should be present at a mole fraction of AlCl3 larger than 0.75 
(≙ [BMIm]Cl·3AlCl3) at the chosen temperature of 200 °C, so adduct species will 
prevail.[7,81] This considerations also account for classic NaCl/AlCl3 salt melts.[80] 
However, the lower charge density and symmetry of adducts disfavors their 
crystallization. Nevertheless, some cases are known, e.g., 
[Sb13Se16](AlCl4)6(Al2Cl7) (see chapter 5.2.4), [M@Bi10](AlBr4)2(Al2Br7)2 (see 
chapter 6.2.1), [Sb7Se8](GaCl4)2(Ga2Cl7)3,[224] or [Sb7Te8](Ga2Cl7)2(GaCl4)3,[225] 
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5.2.4 The Antimony-Selenium Polycation [Sb13Se16]7+ 
Antimony and selenium react to form cationic clusters and chains in the Lewis-
acidic ionic liquid [BMIm]X·nAlX3 (X = Cl, Br; n = 1.2–5.2).[43,44,47] The reaction 
product can be targeted by the choice of the employed IL, by adjustment of the 
temperature regime, or by adding an auxiliary redox agent. If SeCl4 is added to 
[BMIm]Cl·nAlCl3, [Sb10Se10](AlCl4)2 can be accessed at room temperature.[44] 
However, if the halide is omitted, either the catena-compound [Sb2Se2]AlCl4 or 
the cluster compound [Sb13Se16](AlCl4)6(Al2Cl7) are formed depending on the 
reaction temperature.[43] [Sb7Se8Br2](AlX4)3, [Sb13Se16Br2](AlX4)5, or 
[Sb7Se8Br2][Sb13Se16Br2](AlBr4)8 are obtained from mixtures of [BMIm]Br with 
AlCl3 or AlBr3, depending on the employed aluminum halide and auxiliaries.[47] 
In the case of the omitted halides, the absence of a crystallized reduction product 
obscures the reaction mechanism. A verification of dissolved polyselenides or 
other reduced species has not been achieved yet. Unfortunately, the very high 
amount of aluminum halides complicates all experiments that focus on the liquid 
phase. 
The compound [Sb13Se16](AlCl4)6(Al2Cl7) appears to be an isolable 
intermediate of the transformation of [Sb2Se2]AlCl4 into Sb2Se3 and can be 
accessed by rapid cooling.[43] In order to shed more light on the thermochemical 
pathway of the formation of [Sb2Se2]AlCl4 and its decomposition into Sb2Se3 via 
[Sb13Se16](AlCl4)6(Al2Cl7), a series of differential scanning calorimetry (DSC) 
experiments was performed. In a first step, the thermal effects of the flux system 
[BMIm]Cl/AlCl3 were evaluated. While compositions with 20–60 mol.-% AlCl3 
remain liquid down to −50 °C, the used [BMIm]Cl·4.7AlCl3 (82 mol.-%) forms a 
homogenous melt above 180(5) °C and partly solidifies below 125(5) °C (heating 
and cooling rate: ±2 K·min–1). 
Heating up the reaction mixture for the formation of [Sb2Se2]AlCl4 and 
[Sb13Se16](AlCl4)6(Al2Cl7) gives rise to an endothermic effect of the flux system 
(Figure 38), which follows the liquidus of the two-phase-region between solid 
AlCl3 and the [BMIm]Cl·xAlCl3 melt with an endset temperature at 180(2) °C. 
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The exothermic signal of phase formation of [Sb2Se2]AlCl4 between 150 and 
180 °C is hidden.[43] In the initial experiment, [Sb2Se2]AlCl4 reacts immediately 
after its formation with the remaining flux to [Sb13Se16](AlCl4)6(Al2Cl7), seen as 
an exothermic effect between 180 and 215(2) °C (Figure 38). The latter 
compound partially decomposes at 218(2) °C, with Sb2Se3 being the main product. 
The endothermic effect of decomposition is not reversible upon cooling; only the 
partial solidification of the flux is observed below 125 °C. In a second run with 
the same sample, the melting temperature of the flux decreases (about 165 °C) 
corresponding to the lower content of AlCl3 in the IL. Exothermic signals of any 
phase formation are not observed. A small endothermic effect denotes the 
decomposition of some residuals of [Sb13Se16](AlCl4)6(Al2Cl7). Effects during 
cooling originate solely from the binary flux system [BMIm]Cl/AlCl3. 
As a conclusion, the optimal reaction temperature for the synthesis of 
[Sb2Se2]AlCl4 lies between 160 and 180 °C. At lower temperature, the flux system 
is incompletely molten and the activity of AlCl3 seems to be too low for chemical 
reaction. At higher temperature, [Sb13Se16](AlCl4)6(Al2Cl7) and finally Sb2Se3 are 
Figure 38. DSC measurement of a mixture of antimony and selenium in 
[BMIm]Cl·4.7AlCl3. 
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formed. The observed narrow temperature interval for formation of 
[Sb13Se16](AlCl4)6(Al2Cl7) between 180 °C and 215(2) °C complicates 
optimization of yield and purity.[43] Heating and cooling by 1 K min–1 results in 
yields of about 10 % but also in contamination with the starting materials in 
addition to the main product Sb2Se3 (Supporting Figure 28, page 195). 
[Sb13Se16](AlCl4)6(Al2Cl7) crystallizes in the monoclinic space group P21/n 
(no. 14) with a = 1211.92(7) pm, b = 2864.1(2) pm, c = 2401.9(2) pm, and 
β = 103.80(1)° (Figure 39; atomic parameters in Supporting Table 26 and 
Supporting Table 27, pages 196–198). The new polycation [Sb13Se16]7+ is only the 
second known spiro-tetra-cubane (Figure 18, bottom; and Figure 39) and 
resembles the recently published [Sb13Se16Br2]5+,[47] but with a “twist”: Whereas 
[Sb13Se16Br2]5+ is a linear zig-zag chain of four antimony-vertex-sharing 
heterocubanes, its bromine-free form is contorted due to a different linkage of one 
of the terminal cubes (Figure 40, a–b). With reference to Figure 18 (page 44), the 
spiro-atom would be Sb9 (instead of Sb10) for a linear sequence. The [Sb13Se16]7+ 
polycation has almost C2 symmetry and comprises two sets of Sb–Se distances 
within the cubes (primary: 255.7(2)–299.4(2) pm; secondary: 
329.6(2)−341.8(2) pm). Every cube features one of the longer edges (Figure 40b). 
According to bond-length bond-strength calculations,[240] these “secondary” 
interactions equal a bond valence of 0.1 to 0.14 (full list of interatomic distances 
and corresponding valences in Supporting Table 28 to Supporting Table 31, 
pages 200–204). 
The related [Sb13Se16Br2]5+ polycation features a less pronounced bond-length 
separation (257–294 pm; 306–336 pm) but with the doubled count of secondary 
bonds per cube (Figure 40a).[47] The varying bonding situation does not originate 
from the different constitutions but from the presence or absence of the halide 
ions. The same variations are found in the spiro-di-cubanes [Sb7Se8]5+ and 
[Sb7Se8X2]3+ (X = Cl, Br).[47,224] The known compounds of [Sb7Te8]5+ show a 
similar bonding situation.[225] However, the halide-added polycations [Sb7Te8X2]3+ 
could not be synthesized to date. The covalent bonding of a terminal antimony 
atom to a halide ion (e.g., in [Sb13Se16Br2]5+) does not only reduce the charge of 
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the polycation but also weakens the trans Sb–Se bond. The perturbation 
propagates into the two inner cubes. 
Nevertheless, bonding analyses based on either the quantum theory of atoms in 
molecules (QTAIM) or on delocalization indices (DI) indicate also bonding 
interactions for the longer cube edges in [Sb7Ch8X2]5+.[47,224] 
  
Figure 39. Crystal structure of [Sb13Se16](AlCl4)6(Al2Cl7). AlCl4– groups are shown as 
gray tetrahedra with white edges and Al2Cl7– groups with black ones. The 
ellipsoids represent 90 % probability. 
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The apparently complex bonding in [Sb13Se16]7+ is further obscured by a 
torsion of the chain, which gives rise to an inter-cube Sb3–Se5 interaction with a 
distance of 357.6(2) pm and corresponding bond valence of 0.07 (Figure 40b). A 
further shortening of the distance between these two atoms seems to be precluded 
by the simultaneous repulsion of adjacent selenium atoms (Figure 40c): The 
distances Se3···Se5 (345.7(2) pm), Se4···Se5 (358.2(2) pm), and Se4···Se9 
Figure 40. Visualization of the experimental determined shape of the [Sb13Se16Br2]5+
polycation in [Sb13Se16Br2](AlX4)5 (X = Cl, Br)[47] (a) and the [Sb13Se16]7+
polycation (b) next to an idealization of their conformation (right hand side); 
and visualization of the close packing of the Se atoms/ions (c) according to 
the (crystal) ion radii.[237] The dashed bonds are discussed as secondary 
bonds.[47] Atomic distances are given in pm. 
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(367.4(2) pm) are about twice the crystal ionic radius of a Se2– anion according to 
Shannon (184 pm).[237] 
The [Sb13Se16]7+ polycations are surrounded by AlCl4– tetrahedra and Al2Cl7– 
tetrahedra pairs. The curved cation “embraces” one of the AlCl4– anions 
(Figure 41). The shortest distances between antimony and chlorine atoms are 
between the two terminal cubes and adjacent AlCl4– tetrahedra. The Sb1–Cl1 
bond (286.0(3) pm) is remarkably strong with a calculated valence of ν = 0.25. 
The relative position of the Cl1 atom resembles the situation in the halogen-
containing heterocubanes. Considering the antimony atoms of the heterocubanes 
and AlCl3 as competing Lewis acids, the elongated Al1–Cl1 bond indicates an 
intermediate situation between a predominantly electrostatic interaction of two 
isolated complex ions and the abstraction of a chloride ion from the AlCl4– 
tetrahedron and its transfer to the polycation (Figure 41). The Sb11−Cl7 
interaction (304.2(3) pm, ν = 0.15) on the opposite side of the polycation does not 
influence the Al–Cl bonds in such strong way. Therefore, at least for the pair 
Al(1)Cl4–· · ·[Sb13Se16]7+, one may speak of an adduct similar to Al2Cl7–. 
Figure 41. Coordination of an [Sb13Se16]7+ cation by the two closest AlCl4– tetrahedra 
and the “embraced” one, with selected interatomic distances (/ pm). 
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5.2.5 Conclusion 
The Lewis-acidic room-temperature ionic liquids [BMIm]X·nAlX3 ([BMIm]+ = 
1-n-butyl-3-methylimidazolium, X = Br, Cl) or [EMIm]Br·4.1AlBr3 ([EMIm]+ = 
1-ethyl-3-methylimidazolium) are exceptional solvents for elements of group 15 
and 16 and their halides, and likewise for Bi2S3 and Bi2Te3. Hence, these solvents 
are not only advantageous reaction media for pnictogen and chalcogen chemistry 
but also potential (but expensive) ore-processing agents for sulfides. 
Explorative research resulted in the synthesis of the three new main-group 
element heteropolycations [Bi6Te4Br2]4+, [Bi3S4AlCl]3+, and [Sb13Se16]7+. In 
addition, an alternative route for the synthesis of [Bi4Te4]4+ was established. In 
general, utilizing an IL allowed controlled syntheses with high selectivity of the 
yielded polycations. The choice of starting materials and the reaction temperature 
appeared as important parameters. 
DFT-based calculations elucidated the bonding situation in [Bi4Te4](AlBr4)4 
and [Bi6Te4Br2](AlBr4)4 and revealed partially covalent bonding interactions 
between cations and anions. In addition, [Bi6Te4Br2]4+ features two chemically 
different bismuth sites which can be visualized by the formula 
[Bi4IITe4−II](BiIIIBr−I)2. 
The synthesis of the bromido-aluminate salts [Bi4Te4](AlBr4)2(Al2Br7) and 
[Bi4Te4](AlBr4)3 led to a puzzling mismatch of their crystal structures and 
magnetic properties. At the moment, the conflict of a proposed average charge of 
+3 on [Bi4Te4] cubes and diamagnetic behavior could not be resolved. Therefore, 
these two compounds necessitate further investigation. 
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5.3 Experimental Section 
5.3.1 Syntheses 
Bi2Te3 was synthesized from the elements at 800 °C with subsequent 
quenching according to Nakajima et al.[266] 
The syntheses of the bromido-aluminate salts of bismuth-tellurium 
polycations have been performed in the Lewis-acidic ionic liquids 
[EMIm]Br·4.1AlBr3 or [BMIm]Br·4.1AlBr3. The varying starting materials were 
mixed with AlBr3 (500 mg, 1.88 mmol) and 100 mg of [BMIm]Br or 87 mg of 
[EMIm]Br (0.46 mmol) as described in Chapter 2.2, heated to 100 °C with 
300 K·h–1, and annealed at that temperature for 3 to 7 days. Afterwards, the 
ampoule was tilted to separate the majority of the IL (with the dissolved AlBr3) 
from the crystallized reaction products and cooled down to room temperature at a 
rate of –6 K·h–1. In all cases, a brownish suspension was formed after mixing of 
all components, which color intensified upon heating. 
Usually, the color of the ionic liquid turned to violet at its rim when frozen and 
thereafter prior to heating. This phenomenon originates probably from the 
formation of tellurium polycations in solution.[78] After a longer waiting time at 
room temperature or upon heating, the violet color disappeared. Up to now, none 
of the compounds containing bismuth-tellurium polycations could be isolated 
from adhering IL due to their sensitivity toward suitable solvents. For instance, 
washing [Bi4Te4](AlBr4)4 with dry dichloromethane resulted in still shiny, intact-
looking “crystals” but the absence of any Bragg reflection in the X-ray pattern. 
[Bi4Te4](AlBr4)4 crystallizes as product by using 66.7 mg (0.08 mmol) of 
Bi2Te3 and 37.4 mg (0.08 mmol) of BiBr3 as starting materials irrespective of the 
employed IL. Replacing the starting materials with 40.2 mg (0.19 mmol) of Bi, 
24.2 mg (0.19 mmol) of Te, and 42.3 mg (0.09 mmol) of BiBr3 yielded 
[Bi6Te4Br2](AlBr4)4 if [BMIM]Br·4.1AlBr3 was utilized. Both target compounds 
form as black, mostly intergrown crystals with yields of 45–80 %. Only for 
[Bi6Te4Br2](AlBr4)4, a temperature-dependent solubility and thus crystallization 
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after tilting and cooling was observed. Colorless crystals of AlBr3 crystallized 
always in the tip of the ampoule (which was the lower part). The ILs changed 
their color slightly after the reaction in dependence on the utilized organic 
component ([EMIm]+: (red-)brown; [BMIm]+: (green-)brown). In general, 
crystallization and diffusion appears to be problematic and affects the yield. 
Additionally, crystallization of [Bi4Te4](AlBr4)4 can be so fast that the precipitate 
might enclose a small amount of Bi2Te3, which is then unable to completely react 
with the dissolved BiBr3 in the IL. 
Utilizing [EMIm]Br·4.1AlBr3, 46.3 mg (0.22 mmol) of Bi, 33.8 mg 
(0.26 mmol) of Te, and 19.9 mg (0.04 mmol) of BiBr3 resulted in the formation of 
black [Bi4Te4](AlBr4)2(Al2Br7) together with minor amounts of Bi2Te3 and traces 
of Bi5(AlBr4)3. Occasionally, black [Bi4Te4](AlBr4)3 crystallized instead of 
[Bi4Te4](AlBr4)2(Al2Br7). In that case, an unknown [Bi4Te4]-containing compound 
occurred as minor by-product. By increasing the reaction temperature to 140 °C, 
the crystallization of [Bi4Te4](AlBr4)3 could be omitted. 
[Bi3S4AlCl][S(AlCl3)3]AlCl4: a) solvent free: 100 mg of Bi2S3 (0.19 mmol) 
and 500 mg of AlCl3 (3.75 mmol) were heated to 200 °C with a rate of 300 K·h–1. 
After three days, the ampoule was cooled down to room temperature with a rate of 
–10 K·h–1. During cooling, the tip of the ampoule was pulled out of the tubular 
furnace and the excess of AlCl3 was allowed to sublime. The resulting brownish 
product contains the desired compound plus at least one unknown phase. Usage of 
a reaction mixture with the ratio Bi2S3:3AlCl3 (according to the desired product) 
under otherwise constant conditions results in an even more contaminated 
product. b) in IL: To the same amount of starting materials as in a), 90 mg of 
[BMIm]Cl (0.52 mmol) were added through a second glass funnel. The 
temperature regime was kept the same as for a) except for a slower cooling rate of 
–5 K·h–1. Prior to cooling to room temperature, the ampoule was tilted to separate 
the brown IL from the yellowish, trigonal platelets of 
[Bi3S4AlCl][S(AlCl3)3]AlCl4 (yield: 50–80 %). Very few crystals of Bi5(AlCl4)3 
are scattered among the product but are invisible in the X-ray powder pattern. The 
majority of the product already crystallizes at elevated temperatures. Halving the 
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amount of the Lewis acid resulted in the formation of bigger crystals of the 
desired compound but only as a secondary phase to an unidentified, 
microcrystalline main product. 
The reaction mixture for [Sb13Se16](AlCl4)6(Al2Cl7) was the same as for the 
synthesis of [Sb2Se2]AlCl4:[43] 105 mg of antimony (0.86 mmol), 85 mg of 
selenium (1.1 mmol), and 250 mg of AlCl3 (1.87 mmol) were combined with 
70 mg of [BMIm]Cl (0.4 mmol). The reaction mixture was placed in a tilted tube 
furnace or upright in a muffle furnace, heated to 210 °C with a gradient of 
1 K·min–1, and immediately cooled to ambient temperature with the opposite rate. 
Red needles of the desired compound occurred always at the lower side of the 
product mixture within Sb2Se3. Yield: < 10 %. In some cases, the Sb2Se3 retained 
the shape of needles. 
5.3.2 Thermal Analysis 
In an argon-filled UNIlab glove-box (M. Braun), 5.24 mg of antimony, 
4.26 mg of selenium, 3.49 mg of [BMIm]Cl, and 12.54 mg of AlCl3 were loaded 
in high-pressure steel containers (V = 30 µl). Usage of standard sealed aluminum 
containers was disfavored due to the sizeable vapor pressure of the samples. Heat-
flux differential scanning calorimetry (DSC) experiments were performed using a 
DSC 1/700 (Mettler Toledo) in the temperature range from ambient temperature 
to 230 °C with heating and cooling rates of ±2 K·min–1. The characteristic 
temperatures derived from the DSC curves are extrapolated onset temperatures. 
5.3.3 Details for X-ray Crystal Structure Determination 
Data in brief for [Bi4Te4](AlBr4)4: a = 1276.1(2) pm, c = 1171.2(2) pm, 
V = 1907.2(7) ·  106 pm3, I4 (no. 82), Z = 2; ρcalc = 4.76 g·cm–3; 
µ(Mo-Kα) = 38.25 mm–1; 10521 reflections measured, 2150 unique; –13 ≤ h ≤ 16, 
−16 ≤ k≤ 16, –15 ≤ l ≤ 15, 2θmax = 54.98°; 64 parameters; Rint = 0.077, Rσ = 0.055, 
R1 = 0.038 for 1760 Fo > 4σ(Fo), R1 = 0.054 for all Fo, wR2 = 0.046, 
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Goof = 1.103; min./max. residual electron density:–0.99 / 0.96 e · 10–6 pm–3; 
Flack x parameter: –0.02(2) (Parsons’ method). 
Data in brief for [Bi6Te4Br2](AlBr4)4: a = 1242.3(2) pm, b = 1243.6(2) pm; 
c = 1618.9(2) pm, α = 100.962(8)°, β = 104.237(8)°, γ = 106.444(8)°, 
V = 2232.5(6) ·  106 pm3, P1 (no. 2), Z = 2; ρcalc = 4.93 g·cm–3; 
µ(Mo-Kα) = 42.32 mm–1; 20079 reflections measured, 8720 unique; –15 ≤ h ≤ 15, 
–15 ≤ k ≤ 15, –17 ≤ l ≤ 19, 2θmax = 52.00°; 290 parameters; isotropic extinction 
parameter: 1.57(6) · 10–4; Rint = 0.061, Rσ = 0.099, R1 = 0.033 for 
5482 Fo > 4σ(Fo), R1 = 0.074 for all Fo, wR2 = 0.044, Goof = 0.767; min./max. 
residual electron density:–1.21 / 1.38 e · 10–6 pm–3.  
Data in brief for [Bi4Te4](AlBr4)2(Al2Br7): a = 1137.75(6) pm, 
c = 2857.0(2) pm, V = 3698.3(5) ·  106 pm3, P41212 (no. 92), Z = 4; 
ρcalc = 4.77 g·cm–3; µ(Mo-Kα) = 38.37 mm–1; 33079 reflections measured, 3945 
unique; –14 ≤ h ≤ 14, –8 ≤ k ≤ 14, –36 ≤ l ≤ 36, 2θmax = 53.99°; 123 parameters; 
Rint = 0.060, Rσ = 0.043, R1 = 0.038 for 3252 Fo > 4σ(Fo), R1 = 0.056 for all Fo, 
wR2 = 0.062, Goof = 1.143; min./max. residual electron density: 
−1.21 / 1.36 e · 10–6 pm–3; Flack x parameter: 0.008(4) (Parsons’ method). 
The space group of [Bi4Te4](AlBr4)3 is not easily derived from the 
measurement due to the high symmetry of the arrangement of the bismuth, 
tellurium, and bromine atoms. Only the aluminum atoms reduce the space group 
symmetry from Ccm21 to Pna21. 
Data in brief for [Bi4Te4](AlBr4)3: a = 1172.0(2) pm, b = 1693.1(3) pm, 
c = 1636.7(2) pm, V = 3247.7(9) ·  106 pm3, Pna21 (no. 33), Z = 4; 
ρcalc = 4.88 g·cm–3; µ(Mo-Kα) = 39.97 mm–1; 28204 reflections measured, 5565 
unique; –14 ≤ h ≤ 14, –20 ≤ k ≤ 20, –14 ≤ l ≤ 19, 2θmax = 52.00°; 209 parameters; 
Rint = 0.057, Rσ = 0.055, R1 = 0.045 for 3700 Fo > 4σ(Fo), R1 = 0.083 for all Fo, 
wR2 = 0.098, Goof = 1.101; min./max. residual electron density: 
−1.64 / 3.03 e · 10–6 pm–3; inversion twin with ratio 0.31:0.69(1). 
Data in brief for [Bi3S4AlCl][S(AlCl3)3]AlCl4: a = 1043.3(2) pm, 
b = 1049.1(2) pm, c = 1661.6(2) pm, α = 98.200(7)°, β = 93.469(6)°, 
5 Controlled Synthesis of Pnictogen-Chalcogen Polycations 
 
 
81 
 
 
γ = 119.561(4)°, V = 1547.6(5) ·  106 pm3, P1 (no. 2), Z = 2; ρcalc = 3.04 g·cm–3; 
µ(Mo-Kα) = 18.70 mm–1; 8167 reflections measured, 5429 unique; –8 ≤ h ≤ 13, 
−13 ≤ k ≤ 9, –19 ≤ l ≤ 19, 2θmax = 53.00°; 244 parameters; Rint = 0.029, 
Rσ = 0.074, R1 = 0.042 for 3787 Fo > 4σ(Fo), R1 = 0.077 for all Fo, wR2 = 0.059, 
Goof = 1.079; min./max. residual electron density: –1.49 / 1.52 e · 10–6 pm–3. 
Data in brief for [Sb13Se16](AlCl4)6(Al2Cl7): a = 1211.92(7) pm, 
b = 2864.1(2) pm, c = 2401.9(2) pm, β = 103.80(1)°, V = 8097(2) · 106 pm3, P21/n 
(no. 14), Z = 4; ρcalc = 3.41 g·cm–3; µ(Mo-Kα) = 12.58 mm–1; 60068 reflections 
measured, 13961 unique; –14 ≤ h ≤ 14, –34 ≤ k ≤ 34, –26 ≤ l ≤ 26, 2θmax = 50.05°; 
614 parameters; isotropic extinction parameter: 6.7(3) ·  10–5; Rint = 0.097, 
Rσ = 0.102, R1 = 0.040 for 8756 Fo > 4σ(Fo), R1 = 0.094 for all Fo, wR2 = 0.061, 
Goof = 0.83; min./max. residual electron density: –0.82 / 0.85 e · 10–6 pm–3. 
5.3.4 EDX Analysis 
In addition to the typical challenges of EDX analysis on samples sensitive 
toward air (see Chapter 2.3.3), the crystals of [Sb13Se16](AlCl4)6(Al2Cl7) suffer 
from radiation damage with an ensuing loss of especially chlorine 
(Supporting Figure 29 and Supporting Figure 30, pages 206–207). Averaged spot 
measurements for crystals of each compound resulted in (at.-%; 
measured/calculated): 
[Bi4Te4](AlBr4)4:  
Al 18.2(1.0)/14.3, Br 54.1(0.6)/57.1, Te 13.8(0.4)/14.3, Bi 14.0(0.7)/14.3.  
[Bi6Te4Br2](AlBr4)4:  
Al 15.3(4.4)/12.5, Br 58.7(3.7)/56.3, Te 10.4(1.2)/12.5, Bi 15.7(1.7)/18.8. 
[Bi4Te4](AlBr4)2(Al2Br7): 
Al 15.6(3.3)/14.8; Br 56.1(3.3)/55.6, Te 13.6(0.7)/14.8, Bi 14.8(0.3)/14.8. 
[Bi4Te4](AlBr4)3: 
Al 20.1(1.5)/13.0; Br 48.0(0.7)/52.2, Te 17.1(0.5)/17.4, Bi 14.8(0.7)/17.4. 
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[Bi3S4AlCl][S(AlCl3)3]AlCl4:  
Al 19.1(1.3)/18.5, S 18.6(0.9)/18.5, Cl 51.7(1.3)/51.9, Bi 10.6(1.8)/11.1.  
[Sb13Se16](AlCl4)6(Al2Cl7):  
Al 10.7(2.6)/11.8, Cl 39.0(1.8)/45.6, Se 28.4(3.9)/23.5, Sb 21.9(0.4)/19.1. 
5.3.5 Magnetic Measurements 
The magnetic susceptibility of microcrystalline samples of [Bi4Te4](AlBr4)3 
and [Bi4Te4](AlBr4)2(Al2Br7) was measured with a SQUID magnetometer 
MPMS-XL 7 (Quantum Design) in the temperature range between 1.8 K and 
300 K applying magnetic fields between 10 kOe and 70 kOe. For that purpose, the 
samples were filled into fused silica tubes within an argon-filled UNIlab glovebox 
(M. Braun; p(O2)/p0 < 1 ppm, p(H2O)/p0 < 1 ppm) and the containers sealed 
afterwards. The susceptibility of the glass vessels were measured beforehand. 
Both samples were slightly contaminated by minor amounts of adhering IL. In 
addition, a negligible amount of Bi2Te3 might have been present in the sample of 
[Bi4Te4](AlBr4)2(Al2Br7). 
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6 Heteropolycations of Bismuth with Platinum-Group Elements 
6.1 Introduction 
Main-group clusters with endohedral atoms are enjoying growing scientific 
interest since the discovery of He@C60[267–269] and other filled fullerenes.[270–275] A 
variety of isolated, molecular inclusion compounds has been reported in 
literature.[252–254,276–313] Among them is the large and constantly expanding 
subgroup of anionic main-group element clusters that are centered by electron-
rich transition-element atoms. The representatives range from Wade-Mingos-
rules-compliant[314,315] deltahedra E9,[254,284,285] E10,[286,313] and E12[287,311–313] 
(E = Ge, Sn, Pb) over conjoined deltahedra (e.g., [Pd2Sn18]4–[288]) and other forms 
(e.g., pentagonal prisms[289–292] or unique shapes[293–303]) to the matryoshka-like 
anions [As@Ni12@As20]3–[304] and [Sn@Cu12@Sn20]12–.[305] 
Despite the general abundance of stable polycations of main-group 
elements,[34,192,316–318] those with endohedral atoms are scarce and only a few 
different entities have been synthesized so far: The filled arachno clusters of 
bismuth[192] [M@Bi10]n+ (n = 4 for M = Pd; n = 5 for M = Au)[307–310] as well as 
[Ni2Bi12]4+[319] which is related to its anionic counterpart [Ni2Sn7Bi5]3–.[297,298] The 
arachno clusters [Pd@Bi10]4+ and [Au@Bi10]5+ (Figure 42, left)[307–310] can be 
formally derived from the closo anions [M@Pb12]2– (M = Ni, Pd, Pt; Figure 42, 
right)[311–313] and [Ir@Sn12]3–[287] or from the unique neutral gold clusters 
Mo@Au12 and W@Au12.[320,321] 
In the series of the known stable, empty bismuth polycations, [Bi9]5+[322–334,191] 
seems to be promising as new host for endohedral atoms owing to its similarity to 
its anionic [E9]4– counterparts and their filled variants [Co@Sn9]5–, [Cu@Sn9]3–, 
[Ni@HSn9]3–, and [Cu@Pb9]3–.[254,284,285] 
In some cases, it remains questionable whether the considerable strength of 
bonding interactions justifies the use of the @ symbol. In other words, one could 
argue that the shell would not be stable without the centering atom. Such clusters 
can be considered as nanoscale intermetallic particles. They can be discussed as 
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instructive models for seeds forming in the initial stages of crystallization of bulk 
intermetallics or of their respective subhalides.  
Besides their role as hosts, polyions of main-group elements have shown the 
ability to act as ligands for transition-metal elements[192,280,281,335,336] or even take 
both roles simultaneously.[303,337–341] Very recently, bismuth polycations proved 
their ability as ligands as well.[37,342,343]  
Since a significant part of the syntheses for the above-mentioned anionic 
clusters are solvent-based low-temperature reactions, similar approaches for the 
synthesis of cationic intermetalloid clusters would be desirable, i.e. the utilization 
of ILs. Up to now, they were obtained by crystallization from high-temperature 
melts of the respective elements: see for example [Pd@Bi10]Bi4Br16,[307,308] or 
[Pd@Bi10]Bi6Cl22.[309] 
The first part of this chapter covers the ionothermal[193–199] synthesis and 
crystal structure of metal-rich salts containing the [Bi10]4+ antiprism with an 
endohedral palladium or, for the first time, platinum atom. The second part 
features two new bismuth-rhodium polycations accessible by reorganization of a 
solid precursor in a Lewis-acidic ionic liquid at moderate temperature. Depending 
on the chosen anion, either [Rh@Bi9]4+, the first filled spherical polycation, or the 
complex cluster [Rh2Bi12]4+ is stabilized. The latter can be considered as section 
of the pseudo one-dimensional metal Bi9Rh2X3 (X = Br, I).[344]  
Figure 42. The arachno polycation [M@Bi10]n+ (M = Pd, Pt, Au) (left) and the closo
polyanion [M@Pb12]2– (M = Ni, Pd, Pt) (right). 
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6.2 Results and Discussion 
6.2.1 [Bi10]4+ Polycations with Endohedral Platinum or Palladium Atoms 
The reaction of platinum, bismuth, and bismuth tribromide as well as the 
dissolution of Bi16PdCl22[309] under ionothermal[193–199] conditions in the Lewis-
acidic ionic liquid (IL) [BMIm]Br·4.1AlBr3 ([BMIm]+ = 
1-n-butyl-3-methylimidazolium) yielded several new compounds containing 
[M@Bi10]4+ polyhedra with an endohedral palladium or platinum atom. 
 [Pt@Bi10](AlBr4)4 and [Pt@Bi10](AlBr4)2(Al2Br7)2 6.2.1.1
Dark-red, virtually black needles of up to several millimeters length of 
[Pt@Bi10](AlBr4)4 can be obtained by annealing Pt, Bi, and BiBr3 in 
[BMIm]Br·4.1AlBr3 at 140 °C for several days. The product was almost pure 
except for co-crystallized AlBr3 and traces of [Pt@Bi10](AlBr4)2(Al2Br7)2, which 
remained invisible in the X-ray diffraction pattern due to its low quantity 
(Supporting Figure 31, page 208). The IL was removed with dry dichloromethane. 
[Pt@Bi10](AlBr4)4 crystallizes at room temperature in the tetragonal space 
group P42/n (no. 86) with a = 3864.5(3) pm and c = 1140.75(5) pm. It undergoes a 
displacive phase transition to P4 (no. 81) upon cooling to 150(2) K (Figure 43 and 
Figure 44). For atomic parameters and selected interatomic distances, see 
Supporting Table 32 to Supporting Table 37, pages 209–220. All distances 
discussed in the text refer to the structure at 150(2) K. 
The unit cell comprises 16 formula units, i.e. there are two crystallographically 
independent polycations at room temperature but four at 150 K. The complex 
ions, except for two of the AlBr4– groups, reside on virtual mirror planes. The 
most prominent effect of the phase transition is a substantial reorientation of one 
quarter of the cations (Figure 44). Adjacent anions follow this rotation. The 
centers of gravity for all ions remain in position. Thereby, the inversion symmetry 
of the structure is lost. The adopted tetragonal space group P4 (no. 81; 
a = 3817.93(8) pm and c = 1134.94(3) pm) is a translationengleiche subgroup of 
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index 2 (origin shift ¼, –¾, –¾).[345,346] The group-subgroup relations are given in 
an adapted Bärnighausen tree in Supporting Table 38, page 221. 
The new [Pt@Bi10]4+ polycations have virtually the same shape and size as 
their known palladium and gold congeners [Pd@Bi10]4+[307–309] and 
[Au@Bi10]5+[310] (Table 8; Pt–Bi: 293.4(2)–302.3(2) pm; Bi–Bi in pentagon: 
309.6(2)–318.0(3) pm, Bi–Bi between pentagons: 305.5(2)–317.0(2) pm; angles 
in pentagons: 106.00(7)–110.21(6)°; regular: 108°). The almost identical sizes of 
all [M@Bi10]n+ polyhedra can be rationalized with similar valence radii[347] for Pd0 
(135 pm) and Pt0 (136 pm) as well as the effective ion radius[237] for Au+ 
(137 pm). 
Figure 43. Crystal structure of [Pt@Bi10](AlBr4)4 at 150(2) K. [Pt@Bi10]4+ polycations 
are depicted as blue polyhedra, AlBr4– anions as grey tetrahedra. The 
ellipsoids represent 90 % probability. 
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The cluster shell, i.e. the polycation [Bi10]4+ can be rationalized according to 
the rules of Wade and Mingos[314,315] taking only the 6p electrons into account (the 
6s electrons lie low in energy and do not contribute to bonding).[307–310] With 26 
skeletal electrons, [Bi10]4+ is an arachno cluster, which can be derived from the 
unknown (and due to its high charge improbable) [Bi12]10+ icosahedron (closo 
cluster). The isoelectronic polyanion [Pb12]2– is well characterized,[311–313] 
however, only as a filled cluster with an endohedral atom of group 10 as well 
(Figure 42, page 84). The about 8–9 pm shorter distances between the endohedral 
atom and surrounding polyhedron in [Pt@Bi10]4+ compared to [Pt@Pb12]2– might 
be attributed to the coordination number (Table 8). 
It has previously been shown by quantum-chemical calculations that the 
interactions between the endohedral Pd0 or Au+ atom and the [Bi10]4+ polycation 
are weak, justifying the use of the @ symbol.[310] One can assume an analogous 
bonding situation for [Pt@Bi10]4+. A direct comparison of the Pt·· ·Bi distances 
with other compounds is precluded by the absence of a tenfold coordination of 
platinum atoms by bismuth atoms in any other known crystal structure. 
In [Pt@Bi10](AlBr4)4, the polycations are well separated from each other as 
well as from the AlBr4– tetrahedra. The shortest Bi·· ·Bi distance between clusters 
Figure 44. Detail of the crystal structure of [Pt@Bi10](AlBr4)4 at 296(1) K (P42/n, left) 
and at 150(2) K (P4, right) in the vicinity of the inversion center at the origin 
in P42/n. [Pt@Bi10]4+ polycations are depicted as blue polyhedra, AlBr4–
anions as grey tetrahedra. The ellipsoids represent 90 % probability. Note the 
reorientation of one of the polycations in the course of the phase transition, 
which results in the loss of inversion symmetry. 
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is 595.5(2) pm and the shortest Bi·· ·Br distance is 332.3(4) pm (343 pm at 
296 K). For comparison, in α-BiBr3,[238] the bond lengths are 266 pm (primary) 
and 332 pm (secondary); and in Bi14PdBr16 (= [Pd@Bi10]Bi4Br16), Bi·· ·Br 
distances start at 345 pm (at 293(2) K).[307,308] The displacement parameters, 
especially of the bismuth and bromine atoms, are large, which can be attributed to 
strong librations typical for structures with isolated polyhedra.[190,348] 
Consequently, the scattering power at higher diffraction angles is weak and, due 
to the (insufficient) modeling with tensors of the second order, the determined 
interatomic distances are too short by up to several picometers. 
 
Table 8. Comparison of average interatomic distances d(M–E) (M = Ni, Pd, Pt, Au; 
E = Bi, Pb) and d(E–E) (/ pm) in selected ions [M@Bi10]n+, [M@Pb12]2–, and 
calculated values. [a] at 150(2) K, [b] at 293(2) K, [c] at 120 K, [d] at 
173(2) K; [e] only the non-disordered polycations are considered; [f] 
X = Cl, Br. 
Compound d(M–E) dintraring(E–E) dinterring(E–E) 
[Pt@Bi10](AlBr4)4[a] 297.2 313.3 310.5 
[Pt@Bi10](AlBr4)2(Al2Br7)2[a] 298.2 314.3 311.7 
[Pd@Bi10](AlBr4)4[a][e] 298.1 314.2 311.3 
[Pd@Bi10](AlBr4)2(Al2Br7)2[a] 298.4 314.5 312 
[Pd@Bi10][Bi2Sn6Cl22][a] 297.8 313.9 311.7 
[Pd@Bi10]Bi6Cl22[b][309] 298.3 313 313 
[Pd@Bi10]Bi4Br16[b][307,308] 300 316 314.9 
[Pd@Bi10]Bi5–δSn1+δX21–δ[c][f][310] 297 313 312 
[Au@Bi10]Bi4–δSn2+δX21–δ[c][f][310] 302 319 315 
[Pd@Bi10]4+ calculated[310] 295.0 313.9 306.2 
[Au@Bi10]5+ calculated[310] 302.4 320.4 311.6 
[Bi10]4+ calculated[310] – 314.5 306.3 
[PtPb12][K(2,2,2-crypt)]2[d][313] 305.8 321.6 
[PdPb12][K(2,2,2-crypt)]2·tol[d][313] 303.3 318.9 
[NiPb12][K(2,2,2-crypt)]2·en[d][313] 300 307.8 
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The by-product [Pt@Bi10](AlBr4)2(Al2Br7)2 crystallizes as black platelets or 
polyhedra in the monoclinic space group P21/n (no. 14) with a = 1262.0(3) pm, 
b = 1148.0(2) pm, c = 3663.8(8) pm, and β = 91.612(8)° at 150(2) K. For atomic 
parameters and selected interatomic distances, please see Supporting Table 39 to 
Supporting Table 42, pages 223–225. The unit cell comprises four formula units 
(Figure 45). The [Pt@Bi10]4+ polycation has practically the same shape and size as 
in the tetragonal structure (Table 8). With respect to Bi·· ·Br distances starting at 
336.0(2) pm and Bi···Bi distances between clusters starting at 528.1(1) pm, the 
complex cations and anions are rather isolated like in the tetragonal congener. 
Neither the AlBr4– tetrahedra (Al–Br: 227.1(5)–231.4(4) pm) nor the Al2Br7– 
tetrahedra pairs show any peculiarities (terminal Al–Br: 223.7(4)–229.6(5) pm; 
bridging Br: 240.2(4)–242.6(4) pm; respective distances in Al2Br6:[239] 222 pm 
and 241 pm). 
  
Figure 45. Crystal structure of [Pt@Bi10](AlBr4)2(Al2Br7)2 at 150(2) K. [Pt@Bi10]4+
polycations are depicted as blue polyhedra, AlBr4– anions as grey tetrahedra 
with white outlines, Al2Br7– groups with black ones. The ellipsoids represent 
90 % probability. 
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 [Pd@Bi10](AlBr4)4 and [Pd@Bi10](AlBr4)2(Al2Br7)2 6.2.1.2
The palladium analogs of the compounds described in chapter 6.2.1.1 could not 
be synthesized by reacting Bi, BiBr3, and Pd in the respective IL. Therefore, a 
precursor with preformed [Pd@Bi10]4+ polycations, namely 
Bi16PdCl22 = [Pd@Bi10]Bi6Cl22[309] (Figure 46) was utilized. This approach 
exploits the exceptional solvent capabilities of Lewis-acidic ILs for complex 
ternary main-group halides.[37] The dissolution of Bi16PdCl22 in the Lewis-acidic 
ionic liquid [BMIm]Br·4.1AlBr3 yields [Pd@Bi10](AlBr4)2(Al2Br7)2 or 
[Pd@Bi10](AlBr4)4 depending on temperature and/or AlBr3 to [Pd@Bi10]4+ ratio. 
Remarkably, no mixed crystals (solid solution) containing also chloride ions were 
found. The chlorine content measured by semi-quantitative EDX analysis is on the 
verge of the limit of detection.  
 
Figure 46. Representation of the unit cell of Bi16PdCl22[309] ( = [Pd@Bi10]Bi6Cl22). 
[Pd@Bi10]4+ polycations are depicted as blue polyhedra, the chlorido-
bismuthate anion network as green polyhedra. 
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[Pd@Bi10](AlBr4)2(Al2Br7)2 crystallizes as black platelets or polyhedra in the 
shape of conjoined trapezoids at 140 °C and if n(AlBr3):n([Pd@Bi10]4+) = 160:1. 
For a diffractogram, see Supporting Figure 32, page 226. By increasing the 
reaction temperature or halving the ratio, [Pd@Bi10](AlBr4)4 is yielded as dark 
red, almost black needles of up to several millimeters length. A diffractogram is 
shown in Supporting Figure 33, page 226. 
The selectivity of product formation is dependent on the ratio of aluminum 
bromide and bismuth polycations during the whole process of crystallization at 
elevated temperatures. Thus, early separation of the IL from the already 
crystallized product results always in the (co-)crystallization of 
[Pd@Bi10](AlBr4)4 even if the best known conditions for the synthesis of 
[Pd@Bi10](AlBr4)2(Al2Br7)2 are chosen.  
The concentration- and/or temperature-driven preference for one of the two 
compounds can be rationalized with the anion specification in the IL or similar 
salt melts. They have been investigated for the systems [EMIm]Cl·nAlCl3 and 
AX·nAlX3 ([EMIm]+ = 1-ethyl-3-methylimidazolium; A = Na, K; 
X = Cl, Br;).[7,80,81,260] At high contents of the aluminum halide (i.e. strongly 
Lewis-acidic), adducts [AlnX3n+1]– prevail. Therefore, at the herein chosen 
composition, one would not expect any crystallization of single AlX4– tetrahedra 
at all owing to their negligible concentration in solution. Their higher charge 
density and symmetry, however, strongly favors their incorporation into crystal 
structures. Among the rare examples of compounds with tetrahedra pairs are 
[Sb7Se8](GaCl4)2(Ga2Cl7)3,[224] [Sb7Te8](GaCl4)3(Ga2Cl7)2,[225] and 
[Sb13Se16](AlCl4)6(Al2Cl7) (see chapter 5.2.4).[38,43] 
Raising the temperature breaks the adducts and increases the concentration of 
isolated tetrahedra.[80] In the herein presented system, a slight shift in the 
annealing temperature is already sufficient to change the obtained compound 
presumably by changing the probability of crystal seed formation or their 
thermodynamic stability compared to the other polycation phase. The same 
accounts for the concentration dependency: A lower amount of dissolved 
[Pd@Bi10]4+ polycations leads apparently to the crystallization of tetrahedra pairs 
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owing to the higher excess of pairs and thus an increased probability for formation 
of stable crystal seeds of [Pd@Bi10](AlBr4)2(Al2Br7)2. 
In all cases, the desired compounds crystallize next to easily distinguishable, 
colorless crystals of AlBr3. If the samples are allowed to rest in the reaction 
medium at room temperature for several days after cooling, Bi2Br4(AlBr4)2[242] 
crystallizes additionally in form of long colorless needles. Early removal of the IL 
from the desired product prevents this co-precipitation. 
One might consider the conversion of the precursor Bi16PdCl22 as extraction of 
[Pd@Bi10]4+ polycations and their recrystallization with new anions. The 
circumjacent chlorido-bismuthate network of the precursor (partly) precipitates as 
the mentioned Bi2Br4(AlBr4)2 after halogen substitution at the bismuth atoms. In 
the light of the straightforward synthesis of the platinum analog, there might be no 
necessity for a preformed [Pd@Bi10]4+ polycation but for at least a reactive 
palladium species. 
[Pd@Bi10](AlBr4)4 crystallizes homeotypically to its platinum analog in the 
tetragonal space group P42/n (no. 86) with a = 3865.6(6) pm, c = 1141.5(2) pm at 
room temperature and a = 3839.6(2) pm, c = 1132.58(5) pm at 150(2) K 
(Figure 47; atomic parameters for both temperatures in Supporting Table 43 to 
Supporting Table 46, pages 227−233; selected interatomic distances in 
Supporting Table 47 and Supporting Table 48, pages 235‒236; all distances 
discussed for 150(2) K). At both temperatures, the crystal structure is disordered 
in the vicinity of the symmetry element 4. 
The [Pd@Bi10]4+ antiprisms show no significant deviations compared to those 
described previously if only the non-disordered ones are considered (Pd2–Bi: 
295.9(3)–300.7(3) pm; Bi–Bi in pentagon: 317.2(2)–312.4(2) pm; Bi–Bi between 
pentagons: 310.3(2)–313.9(2) pm; angles in pentagon: 107.28(6)–109.26(6)°). 
This also accounts for the AlBr4– tetrahedra (Al–Br: 224(2)–233(2) pm; 
disordered anions in similar range) as well as for the shortest (reasonable) Bi·· ·Br 
distances (334.0(2) pm). 
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At room temperature, one independent AlBr4– tetrahedron (Al2, Br5–8) is 
disordered with two possible orientations (“A” and “B”, Figure 48). Due to 
symmetry restrictions and the close vicinity of the split positions, only two local 
anion-ordering variants can exist: exclusively A or B. If both variants are 
superimposed, a visible void in the otherwise rather dense packing is closed 
(Figure 48). The existence of two energetically similar solutions for the packing 
appears to be the reason for the observed disorder. The anion disorder is 
temperature dependent. At 150(2) K, the site occupancy factors for the disordered 
Figure 47. Crystal structure of [Pd@Bi10](AlBr4)4 at 150(2) K. [Pd@Bi10]4+ polycations 
are depicted as blue polyhedra (majority component) and red polyhedra 
(minority component), AlBr4– anions as grey tetrahedra. The ellipsoids 
represent 90 % probability. Note the superposition of both cation 
orientations known from [Pt@Bi10](AlBr4)4 (Figure 43 and Figure 44). 
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anion are reversed and component A is dominant (Supporting Table 43 and 
Supporting Table 45, pages 227 and 231). The component B features almost equal 
crystal coordinates like the corresponding atoms in the crystal structure of 
[Pt@Bi10](AlBr4)4 at the same temperature. 
Upon cooling to 150(2) K, a superposition of two orientations of one 
[Pd@Bi10]4+ polycation (Pd1; Bi1–10) becomes visible close to the anion disorder 
but independent from it (no direct relation in site occupancy factors). The minority 
component named B of the cation split position corresponds to the low 
temperature structure of [Pt@Bi10](AlBr4)4 (cf. Figure 43, Figure 44, and 
Figure 47; thus the disorder occurs around 4), while the anion structure is 
different. Therefore, [Pd@Bi10](AlBr4)4 seems to be “stuck” in a phase transition 
similar to its platinum analog [Pt@Bi10](AlBr4)4 and features the superposition of 
both cation arrangements.  
In conclusion, [Pd@Bi10](AlBr4)4 would be isotypic to the room-temperature 
phase of [Pt@Bi10](AlBr4)4 if the bismuth split positions B (around Pd1) and the 
anion split positions A were omitted (Supporting Table 43 and 
Figure 48. Detail of the ion packing in the crystal structure of [Pd@Bi10](AlBr4)4
between the polycations containing Pd1 around the symmetry element 4.
Note the void at the top of the arrangement, which is only somewhat closed 
by a superposition of both anion arrangements. Bromine split position “A” in 
orange, “B” in red. 
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Supporting Table 45, pages 227 and 231). The absence of tetrahedra pairs as 
“structural anchors” appears to result in an increased flexibility of the crystal 
structure. 
[Pd@Bi10](AlBr4)2(Al2Br7)2 crystallizes isotypically to its platinum congener 
(Figure 45, page 89) in the monoclinic space group P21/n (no. 14) with 
a = 1294(1) pm, b = 1166.9(5) pm, c = 3743(3) pm, and β = 91.89(2)° at room 
temperature. At 150(2) K, the cell parameters shift to a = 1260.3(2) pm, 
b = 1147.8(2) pm, c = 3658.8(5) pm, and β = 91.564(4)° (atomic parameters for 
both temperatures in Supporting Table 49 to Supporting Table 52, pages 237‒240; 
selected interatomic distances in Supporting Table 53 and Supporting Table 54, 
page 241; all distances for 150(2) K). The almost equal size of the cations 
(Table 8, page 88; Pd–Bi: 294.9(2)–301.2(2) pm; Bi–Bi in pentagon: 310.25(8)–
320.29(9) pm, Bi–Bi between pentagons: 309.3(2)–315.20(7) pm; angles in 
pentagon: 106.20(2)–110.29(2)°) in combination with the same anions (Al–Br in 
tetrahedra: 227.7(4)–230.7(4) pm; terminal Al–Br in tetrahedra pairs: 223.9(3)–
230.0(4) pm; bridging Br: 238.0(4)–242.3(3) pm) and Bi···Br distances 
(≥ 338.1(2) pm) leads to virtually the same lattice parameters, atom positions, and 
displacement parameters. 
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6.2.2 Heteropolycations of Bismuth Hosting Rhodium Atoms 
The dissolution and subsequent reorganization of Bi12–xRhX13–x[349] (X = Cl, Br) 
precursors in the Lewis-acidic ionic liquids (ILs) [BMIm]X·nAlX3 
([BMIm]+ = 1-n-butyl-3-methylimidazolium) under ionothermal conditions[193–199] 
lead to the crystallization of two new polycations (Figure 49) depending only on 
the used IL. The halogen of the precursor has no influence on the product. The 
precursor compounds consists of [Bi5]+ and [Bi6]2+ polycations as well as 
[RhBi6X12+x](1+x)– (X = Cl, Br; x = 0, 1) polyanions (crystal structure in Figure 50). 
Either the complex polycation [Rh2Bi12]4+ (Figure 49, left) or the first filled Bi9 
polycation [Rh@Bi9]4+ = Rh–@[Bi9]5+ (Figure 49, right) are obtained. In the 
following two subsections, the respective crystal structures and bonding scenarios 
are discussed in detail. 
Figure 49. The new rhodium-bismuth polycations synthesized in ILs via dissolution and 
reorganization of the ternary precursor Bi12–xRhX13–x[349] (X = Cl, Br). Left: 
[Rh2Bi12]4+ (centrosymmetric cation; ellipsoids represent 90 % probability) 
in [Rh2Bi12](AlBr4)4. Right: [Rh@Bi9]4+ (ellipsoids omitted due to 
orientational disorder) in [Rh@Bi9](AlCl4)4. Dashed lines indicate Bi–Bi 
distances shorter than those associated with the secondary interactions in 
elemental bismuth. 
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Figure 50. Unit cell of Bi12–xRhBr13–x = [Bi5]x[Bi6]1–x[RhBi6Br12]x[RhBi6Br13]1–x[349]
Bismuth polycations are depicted as blue polyhedra, [RhBi6Br12]– anions as 
brown polyhedra. A [RhBi6Br13]2– anion is visualized in the upper right hand 
corner. For clarity purposes, the unit cell is not charge-balanced. 
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 [Rh2Bi12]4+ — An Inorganic Complex, a Wade-Cluster, or both? 6.2.2.1
Black, air-sensitive platelets of [Rh2Bi12](AlBr4)4 were synthesized by 
dissolution and conversion of the ternary precursor Bi12–xRhX13–x[349] (X = Cl, Br) 
in the Lewis-acidic IL [BMIm]Br·4.1AlBr3 at 140 °C independent of the halogen 
element in the parent phase. The polycationic compound [Rh2Bi12](AlBr4)4 can be 
easily separated from recrystallized AlBr3 and washed with dry dichloromethane 
to remove the IL (see diffractogram Supporting Figure 34, page 242). The 
unavoidable by-products stay in solution. Synthetic attempts starting from Bi, Rh, 
BiBr3, and AlBr3 with or without addition of [BMIm]Br lead to the formation of 
Bi5(AlBr4)3 as the only crystalline product under otherwise identical conditions. 
Therefore, one can assume that at least a Rh-containing pre-reacted species is 
required for the formation of [Rh2Bi12](AlBr4)4 at the chosen temperature. 
[Rh2Bi12](AlBr4)4 crystallizes in the monoclinic space group P21/m (no. 11) 
with a = 1452.78(5) pm, b = 2000.97(7) pm, c = 1657.67(6) pm, and 
β = 105.124(2)° at 296(1) K [Figure 51; atom denotation in Figure 49 and 
Figure 52; atomic parameters in Supporting Table 55 and Supporting Table 56, 
pages 243−244; selected interatomic distances in Supporting Table 57 and 
Supporting Table 58, page 245]. The unit cell comprises two times two 
crystallographically independent [Rh2Bi12]4+ clusters and 16 AlBr4– anions. A 
twofold superstructure along [010] (Figure 51) is caused by a slight tilt of the 
cations with respect to each other, which is accompanied by simultaneous rotation 
of the adjacent anions. The minimal difference between the cation orientations 
along [010] results in very low intensities for every second reflection along b*. 
The cations reside either on an inversion center (Rh1, Bi1–6; Figure 49, left) or a 
mirror plane that runs through both Rh atoms (Rh2–3, Bi7−14; Figure 52); and 
have slightly different shapes enabled by an apparent flexibility of the links 
between their building units. The possible point group D2h (or mmm) of the 
[Rh2Bi12]4+ cluster is much higher than its point symmetry in the crystal structure 
because the orientation of the Td-symmetric anions reduces the symmetry to 
monoclinic. 
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In the [Rh2Bi12]4+ cations (Figure 49 left, Figure 52), each rhodium atom is 
coordinated by eight bismuth atoms, i.e. two bismuth dumbbells and a terminal, 
bicyclic Bi4-unit. The coordination polyhedron can be described either as a 
strongly distorted square-antiprism or as a distorted biaugmented triangular prism. 
The rhodium coordination might be interpreted as an intermediate step (“centaur-
polyhedron” or “Janus head” arrangement) between an octahedral, sixfold 
coordination like in e.g., BiRh[350] (The bicyclic bismuth cap can be understood as 
remnant of an octahedron) and a square-antiprismatic, eightfold coordination like 
in Bi12Rh3Br2,[351] which is reflected in the Rh–Bi distances. In addition, the 
expansion toward a ninefold coordination by taking into account the second 
Figure 51. The crystal structure of [Rh2Bi12](AlBr4)4. AlBr4– groups are depicted as gray 
tetrahedra. The ellipsoids represent 90 % probability. Note the twofold 
superstructure along [010] and the layers parallel to (101) and (010). 
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rhodium atom as well as the (distorted) triangular faces recalls the herein 
presented, filled polycation [Rh@Bi9]4+ (tricapped trigonal prismatic molecular 
geometry; Figure 49). Each rhodium atom exhibits six short bonds to the four 
bismuth atoms of the dumbbells (273.9(2)–277.3(2) pm) and the two outer atoms 
of the terminal bismuth bicyclus (272.1(2)–276.8(2) pm) as well as two longer 
bonds to the middle atoms of the Bi4-units (287.5(2)–289.7(2) pm). All Rh–Bi 
distances fall into the range typically found in rhodium-bismuth intermetallics and 
their subhalides in the case of a sixfold (Rh–Bi in BiRh:[350] 275.3 pm) or 
eightfold coordination (Rh–Bi in Bi9Rh2Br3:[344] 277.2–287. pm; Bi12Rh3Br2:[351] 
282.4–290.1 pm; Bi14Rh3I9:[352] 282.0–284.9 pm). 
The two rhodium atoms are bridged by the two bismuth dumbbells in the 
center of the polycation. The Rh–Rh distances of 273.1(2) pm (for Rh1–Rh1) and 
271.5(2) pm (for Rh2–Rh3) suggest a Rh–Rh bond (cf. 277.6 pm in Rh6(CO)16[353] 
and 267.6–270.9 pm in Rh4(CO)12[354]). 
The two bismuth dumbbells (Bi–Bi: 303.34(8)–303.44(8) pm, primary Bi–Bi in 
elemental bismuth: 307.1 pm,[241] Bi−Bi in [Bi6Te4Br2]4+: 307.2 pm 
(chapter 5.2.1),[38] Bi2+–Bi2+ in Cu3Bi2S3Cl2: 306.3(3) pm[168]) lie perpendicular to 
the Rh–Rh bond and are separated from each other by 356.6(2)–384.8(2) pm. 
Figure 52. Visualization of the [Rh2Bi12]4+ polycation residing on the mirror plane in 
[Rh2Bi12](AlBr4)4. Dashed lines indicate Bi–Bi contacts shorter than the
secondary interactions in elemental bismuth. The ellipsoids represent 90 % 
probability. 
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Thus, two tetrahedra sharing a common Rh–Rh edge are formed. The bonding 
angles within these tetrahedra range from 58.91(5) to 66.90(3)° and thus are close 
to the 60° of an ideal tetrahedron. 
The terminal, butterfly-shaped Bi4-units feature Bi–Bi bond lengths of 
303.4(2)–307.7(2) pm in the four-membered ring and of 311.60(8)–313.9(2) pm 
between the two middle atoms defining the short diagonal. The non-square Bi4 
unit and the two longer Rh–Bi distances already hint at a peculiar bonding 
situation (vide infra).  
Moreover, the distances between the terminal atoms of the Bi4 unit and the 
bismuth dumbbells are 335.35(9)−344.6(2) pm (dashed lines in Figure 49 and 
Figure 52). These Bi·· ·Bi distances are significantly shorter than the secondary 
bonds in elemental bismuth[241] (352.9 pm) and, therefore, may indicate attractive 
interactions. The tilting of the Bi4 unit is balanced out by a longer distance 
between the dumbbells (cf. the differences between the cluster on the mirror plane 
and on the inversion center, respectively). 
The [Rh2Bi12]4+ polycations are stacked in layers parallel to (101) (Figure 51), 
which manifests itself in a prominent texture effect in the powder X-ray 
diffractogram (Supporting Figure 34, page 242). The cations are shielded from 
each other by AlBr4– tetrahedra. The interactions between the cations and the 
anions appear to be relatively weak with a shortest Bi·· ·Br distance of 
352.9(2) pm [cf. α-BiBr3:[238] 266 pm (primary) and 332 pm (secondary) at room 
temperature] despite the relatively high charge of the cations. Interestingly, the 
Al–Br distances in the AlBr4– tetrahedra vary from 221.0(8) to 231.6(5) pm 
(distances in Al2Br6:[239] 222 pm and 241 pm). The weak interactions toward the 
cations and the hence possible, stronger libration as well as packing effects may 
rationalize the noticeable variation in the bond lengths. For instance, Br11 features 
bigger displacement ellipsoids and the shortest distance to an aluminum atom. 
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Interpretation of the Bonding Situation in [Rh2Bi12]4+ 
The bonding scenario in this novel cluster appears to be rather obscure and 
several interpretations or counting schemes can be applied. One explanation of the 
overall charge of +4 can be derived from the classic Lewis formula. If all 
interatomic distances that are drawn as solid lines in Figure 52 were 2e-2c bonds, 
the four four-bonded bismuth atoms would each bear one positive charge 
according to the Zintl-Klemm concept whereas all other bismuth atoms would be 
uncharged, contributing to three bonds. The two rhodium atoms would partake in 
nine bonds. However, 2c-2e-bonds are not credible especially in view of the 
bismuth atoms. Usually, bismuth atoms can only participate in 2e-2c bonds with 
their three p-orbitals, which limits them to three bonds and bonding angles close 
to 90° instead of the crystallographically found, approximately 60°. 
On the other hand, the cluster could be interpreted as an inorganic coordination 
complex.[37,342] At first, the [Rh2Bi12]4+ cluster would be divided into known or 
plausible (poly-)ions, e.g., [([Bi4]2–)Rh0([Bi2]4+)2Rh0([Bi4]2–)] with a central Rh0–
Rh0 dumbbell coordinated by µ:η2-[Bi2]4+ dumbbells and κ2-[Bi4]2– anions 
(Figure 53). [Bi2]4+ polycations were already observed within coordination 
polyhedra constituted by halides and sulfide anions,[168,332,355] and the two 
rhodium atoms in the present case somewhat topologically resemble bridging 
Figure 53. Possible partitioning of a [Rh2Bi12]4+ cluster as 
[([Bi4]2–)Rh0([Bi2]4+)2Rh0([Bi4]2–)] with a central Rh0–Rh0 dumbbell, two
µ:η2-[Bi2]4+ dumbbells, and two κ2-[Bi4]2– anions. 
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halide ions.[168,332] The µ:η2-[Bi2]4+ dumbbells show resemblance to P2-units 
coordinating transition metals in a similar way[335,336,356–358] as well as to the 
abundant compounds with chalcogenide dianions like [Te2]2–-units in the complex 
cation [Mo2Te12]6+.[78,359] The latter can be regarded as 
[([Te4]2+)Mo3+([Te2]2−)2Mo3+([Te4]2+)] and thus represents an intriguing example 
of coexisting main-group polycations and polyanions.[342] 
A [Bi4]2– anion in butterfly-like, bicyclic configuration has not been reported so 
far. Instead, the aromatic, square-shaped form seems more favorable and has been 
found as isolated anion[360,361] as well as ligand[342,362]. The bicyclic anion is, 
however, well-known for the lighter homologs.[363] [P4]2–[335,336,364–371] and 
[As4]2−[372–375] can coordinate transition-metal atoms. Furthermore, phosphorus 
complexes offer examples of terminal [P4]2– anions acting as similar κ2-
ligands.[335,336,364–368] 
From this perspective, the [Rh2Bi12]4+ cation would be the first example of a 
bicyclic [Bi4]2– anion stabilized in a coordination compound. Quantum-chemical 
calculations disfavor the bicyclic configuration compared to the square-like 
[Bi4]2−, but only by 0.35 eV in total energy (Figure 54 and Supporting Table 59, 
page 246). The relaxed butterfly-shaped isomer strongly resembles the 
experimental configuration, apart from a notable shortening of the bond between 
the two middle Bi atoms (Figure 54). However, this minor discrepancy can be 
attributed to the absence of the coordinating Rh atom. The latter appears to 
Figure 54. Experimental [left; taken from the centrosymmetric cluster in 
[Rh2Bi12](AlBr4)4] and optimized (middle) configuration of the hypothetical, 
butterfly-shaped [Bi4]2– anion. Right: Optimized configuration of the known 
square-shaped [Bi4]2– anion. Corresponding data in Supporting Table 59, 
page 246. Interatomic distances are given in pm. 
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stabilize phosphorus-like isomers of Bi polyions as visible in the related 
Bi9Rh2Br3[344] structure (vide infra). 
Given that the Rh0 atoms share a single bond, they lack eight electrons for a 
stable 18-electron configuration. The p-like lone pairs of the terminal bismuth 
atoms of the butterfly-units could donate four electrons in total (if again 2c-2e 
bonds are postulated for this subunit). The electron deficiency of the µ:η2-[Bi2]4+ 
dumbbells and the s-orbital character of their lone pairs prevents them from being 
effective electron donors. Thus, the Rh atoms would only achieve “unsatisfying” 
14 electrons. An electron deficiency is typically countered by the formation of 
multi-centered bonds (e.g., in Wade-Mingos clusters), which can result in unusual 
bonding angles. Therefore, the bicyclic bismuth units hint on multi-centered 
bonds. Coordination modes similar to the present case were reported for bismuth 
dumbbells enclosing single transition-metal atoms or metal 
dumbbells.[335,336,376,377] These Bi–Bi dumbbells are usually interpreted rather as 
neutral parts of Wade-Mingos-like clusters than as polycations.[314,315] This 
introduces a third possible interpretation of the [Rh2Bi12]4+ polycation as a product 
of condensation. Two [Bi5]3+ triangular bipyramids and two Bi4 tetrahedra (both 
types are closo clusters according to Wade-Mingos rules) are conjoined and the 
bismuth atoms on the shared vertices are substituted by rhodium atoms 
(Figure 55). The Rh−Rh dumbbell would be the shared edge of the tetrahedra and, 
Figure 55. Visualization of [Rh2Bi12]4+ as conjoined Wade-Mingos-like closo clusters. 
Substituted [Bi5]3+ triangular bipyramids are depicted as blue polyhedra, 
substituted Bi4 tetrahedra as green polyhedra. 
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additionally, each Rh atom would be a vertex of one triangular bipyramid. Closo 
clusters of rhodium atoms with carbonyl ligands[353,354] are the textbook examples 
of applicability of Wade-Mingos rules; however, clusters with transition-metal 
bonds in combination with main-group atoms tend to disobey the counting rules 
established by Jemmis for conjoined clusters.[378] The proposed “assembled” 
cluster would lack three electron pairs. The deficiency might be compensated by 
the Rh–Rh bond and the rather short Bi–Bi distances between the cluster entities 
within [Rh2Bi12]4+ (dashed lines in Figure 52). Moreover, the polycation bears a 
striking geometrical similarity to the known, isolated closo clusters. First of all, 
the tendency to form bonding angles of approx. 60° and triangular rings is unusual 
for bismuth except for its Wade-Mingos-like clusters. In addition, the differences 
in the Bi–Bi bond lengths in [Bi5]3+[186] are echoed in the [RhBi4]-units: [Bi5]3+ 
features longer distances of 332.7(2) pm within the shared triangular face and 
shorter ones of 301.2(1) pm toward the two apical bismuth atoms.[74] The same 
division of bond lengths into two groups is found in [Rh2Bi12]4+. 
To discern the above-listed approaches to the bonding situation in [Rh2Bi12]4+, 
it was further tackled theoretically by means of topological analyses of the ELI-D 
(electron localizability indicator)[119,120] and Bader’s QTAIM (quantum theory of 
atoms in molecules) concept[118] (Figure 56, Figure 57, and Supporting Table 61, 
page 247). Two subgroups of bonding basins can be considered: corresponding to 
pairwise bonding and to multicenter bonds formed by three constituents. 
Homonuclear bonds between the middle atoms of the butterfly unit (basin 3), 
the atoms in the bismuth dumbbells (basin 2), and in the rhodium dumbbells 
(basin 8) belong to the first subgroup. They have negligible polarity and strong 
covalent character. Furthermore, heteronuclear Bi–Rh contacts toward the 
butterfly unit are also represented by disynaptic basins (basin 4 and 5). Terminal 
bismuth atoms (basin 5) contribute more electron density to the respective basins 
highlighting the donor character of this bonding and, thus, dismissing the 
interpretation according to classic Lewis formalism. The last type of basins falling 
into this category denotes pairwise Bi–Rh dative bonding between the atoms in 
the central part of [Rh2Bi12]4+ (basin 7). 
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The presence of a second subgroup of three-centered multicenter bonds is a 
distinctive feature of [Rh2Bi12]4+ in contrast to Ru-Bi clusters.[37,192,342,379] 
Noteworthy is that the trisynaptic basins co-exist with related disynaptic basins 
that reflect the „pairwise component“ of the respective bonding interaction. 
Basin 1 is constituted by electron density from a terminal Bi atom and a middle 
one of the butterfly unit as well as by the adjacent Rh atom (only 13 % 
contribution). Although this basin predominantly marks out the pairwise bonding 
Figure 56. Visualization and assignment of the ELI-D basins listed in
Supporting Table 61, page 247. Left: (Predominantly) Bi–Bi interactions. 1: 
trisynaptic basin between a terminal and a middle Bi atom of the “butterfly”-
unit and the adjacent Rh atom. Note the marginal concavity (pointed to by 
the arrow) on the basin 1 indicating the involvement of the Rh atom. 2: 2c-
bond between the Bi atoms in a Bi–Bi dumbbell. 3: 2c-bond between the 
middle Bi atoms of a “butterfly”-unit. Right: Interaction that involve one or 
both Rh atoms. 4: 2c-bond between a middle Bi atom of the “butterfly”-unit 
and the adjacent Rh atom. 5: 2c-bond between a terminal Bi atom of the 
“butterfly”-unit and the adjacent Rh atom. 6: 3c-bond between both Rh 
atoms and one Bi atom of the dumbbell. 7: pairwise bond between the same 
Bi atom of a dumbbell and one of the Rh atoms; 8: homoatomic Rh–Rh 
bond. 
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between the Bi atoms (note exceeding contribution of the terminal atom), it also 
reflects a certain degree of multicenter interaction between the Rh atom and the 
butterfly unit. This tendency becomes even more apparent in the central part of 
the [Rh2Bi12]4+ polycation where four trisynaptic basins (basin 6) can be 
rationalized as three-center bonding between both Rh atoms and the surrounding 
Bi atoms. Co-existence of both pairwise and multicenter bonding components is 
further supported by the presence of separated basin attractors (Figure 57). 
To conclude, real-space bonding analysis confirms that [Rh2Bi12]4+ does not 
comply purely with one bonding formalism, but rather unifies features of various 
ones and acquires a unique standing between dative bonding in ruthenium 
complexes with bismuth homopolycations[37,192,342,379] and mixed clusters 
following Wade-Mingos rules. 
Figure 57. Color-coded slice of the ELI-D field for the [Rh2Bi12]4+ cation residing on 
the mirror plane in [Rh2Bi12](AlBr4)4. The slice runs through the attractors of 
the ELI-D basins 6, 7 and 8 (see Figure 56) corresponding to the pairwise 
Bi–Rh bond (1), three-center bond between the same Bi atom and both Rh 
atoms (2) and the pairwise Rh–Rh bond (3), respectively. 
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Comparison of the polycations [Rh2Bi12]4+ and  Rh2Bi9]3+ 
Finally, the [Rh2Bi12]4+ cluster can be regarded as a finite cut-out from the 
catena cation  Rh2Bi9]3+ in Bi9Rh2X3 (X = Br, I) (dashed lines in Figure 58).[344] 
While the majority of Bi–Bi bond lengths is similar in both polycations, two 
interatomic distances are significantly shorter in [Rh2Bi12]4+ (red arrows in 
Figure 58): The two rhodium atoms reside closer to each other by approx. 18 pm 
and the two middle bismuth atoms of the remaining “butterfly”-unit by 60 pm. 
This change can be attributed to the loss of the capping bismuth (and adjacent 
rhodium) atom of the Bi5 unit in  Rh2Bi9]3+ and the different charge. 
The above-mentioned, conceptual division of the cation structure into separate 
polyions can be applied to  Rh2Bi9]3+ and its iridium congener[344] as well. This 
yields one possible ionic resonance structure of the bonding situation with 
delocalized electrons:  ([Bi5]+)M3–([Bi2]4+)2M3–] (M = Rh, Ir). The [Bi5]+ unit 
represents a heavy homolog of the known [P5]+ unit composed of a [P4]2– butterfly 
Figure 58. The [Rh2Bi12]4+ cluster in [Rh2Bi12](AlBr4)4 (left) and the cationic chain 
[
 Rh2Bi9]3+ in Bi9Rh2X3 (X = Br, I)[344] (right). Red, dashed lines symbolize 
the formal cutting of the chain into the discrete cation. Red arrows indicate 
the shifts of atoms forming new bonds in [Rh2Bi12]4+. 
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coordinating a formally P3+ cation.[363] Seemingly, rhodium (or iridium) atoms are 
able to stabilize phosphorus-like structural units of bismuth in their coordination 
environment. Just like in the case of the butterfly unit [Bi4]2–, there is another, 
usually more favorable isomer of [Bi5]+: the square-pyramidal nido cluster 
(isolated[349] or coordinating[37,82] e.g., in [Ru2Bi14Br4]4+ ) following the Wade-
Mingos concept. 
A DFT-based geometry optimization renders the pyramidal configuration of 
[Bi5]+ more favorable by 0.45 eV in comparison with the [P5]+-like isomer 
(Figure 59 and Supporting Table 60, page 246). The experimental geometry in 
Bi9Rh2X3 resembles in general the relaxed “phosphorus-like” isomer (Figure 59). 
The minor changes include overall shortening of the calculated Bi–Bi bonds that 
is caused by electron localization as opposed to the metallic structure and a longer 
distance between the terminal Bi atoms of the butterfly-unit that may be triggered 
by the absence of the coordinating Rh (or Ir) atom. 
  
Figure 59. Experimental (left; taken from Bi9Rh2Br3) and optimized (middle; saddle 
point) configurations of the hypothetical, [P5]+-shaped [Bi5]+ cation. Right:
Optimized configuration of the known, pyramidal one (equilibrium 
geometry). Corresponding data in Supporting Table 60, page 246. 
Interatomic distances are given in pm. 
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 [Rh@Bi9]4+ — The First Filled Bi9 Polycation 6.2.2.2
Black, air-sensitive slats (or needles) of [Rh@Bi9](AlCl4)4 with a length of up 
to several millimeters were synthesized by dissolution and conversion of the 
ternary precursor Bi12–xRhX13–x[349] (X = Cl, Br; Figure 50, page 97) in the Lewis-
acidic IL [BMIm]Cl·3.6AlCl3 at 140 °C independent of the halogen element in the 
parent phase. Since the reaction product differs drastically from the 
aforementioned [Rh2Bi12](AlBr4)4, the choice of the halogen(ido-aluminate) in the 
IL appears to be the decisive reaction parameter. This influence may be explained 
by the size factor: Smaller AlCl4– tetrahedra favor smaller but equally charged 
cations. Furthermore, the [RhBi6X12+x](1+x)– (X = Cl, Br; x = 0, 1) polyanions from 
the precursor structure could be the crystallization seeds for the [Rh@Bi9]4+ 
polycations. 
Interestingly, if Bi7RhBr8[380,381] is used as a reactant under otherwise identical 
conditions, [Rh@Bi9](AlCl4)4 does not form, despite the closer compositional 
similarity between this precursor and the target polycation. Among possible 
reasons, the lower bismuth content in Bi7RhBr8 as well as a possible higher 
stability of this precursor against the Lewis acid can be listed. 
The slats of [Rh@Bi9](AlCl4)4 can be easily separated from the recrystallized 
AlCl3 and washed with dry dichloromethane to remove the IL and remaining 
AlCl3 (see diffractogram Supporting Figure 35, page 248). The inevitable by-
products of the precursor’s disintegration do not crystallize. 
X-ray diffraction experiments on several [Rh@Bi9](AlCl4)4 single-crystals 
revealed diffuse scattering along c*, a threefold superstructure in the same 
direction, and a monoclinic cell with almost orthorhombic metric leading to 
twinning close to merohedry. Further complication arose from somewhat a time-
dependency of the diffraction patterns. At room temperature, some crystals 
showed signs of an incommensurate modulation in the a*b* plane promptly after 
synthesis. However, the satellite reflections vanished several weeks later for a part 
of the crystals. Furthermore, commensurate superstructures (e.g., along b*) also 
occurred. Every crystal featured, to a certain degree, a different diffraction patter, 
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especially in terms of the diffuse scattering along c*. The following structure 
model is derived from a single crystal that showed only weak diffuse scattering 
and negligible superstructural ordering at room temperature, except for the 
omnipresent threefold superstructure along c*. 
The chosen crystal of [Rh@Bi9](AlCl4)4 features the monoclinic space group 
P21/n (no. 14) with a = 1217.5(2) pm, b = 1741.6(3) pm, c = 5085.7(7) pm, and 
β = 90.117(8)° at 296(1) K (Figure 60; atomic parameters in Supporting Table 62 
and Supporting Table 63, pages 249–252; selected interatomic distances in 
Supporting Table 64 and Supporting Table 65, pages 255–256). The chosen unit 
cell comprises four times three crystallographically independent [Rh@Bi9]4+ 
polycations (Figure 49, right, page 96) and the fourfold amount of AlCl4– anions, 
which allows unambiguous assignment of the cation charges. As already 
mentioned, the unit cell represents a threefold supercell along [001] due to 
different rotational orientations of the ions as indicated by weak intensities of two 
thirds of all reflections along c*. However, this order is incomplete, and leads to 
diffuse scattering along the c* axis and several possible positions for each 
independent cation (Figure 61). These (dis-)ordering phenomena are likely evoked 
by the nearly spherical shape of the [Rh@Bi9]4+ polycations and weak interactions 
with the tetrahedral anions in the spherical coordination environment (shortest 
d(Bi·· ·Cl) = 331 pm for the dominant split positions; cf. in BiCl3:[205,206] 
246.8−251.8 pm (primary), > 321.6 pm (secondary); see Figure 62). The anions 
impose only very small rotational barriers that are partly overcome already at 
room temperature leading to the changing diffraction patterns and strong libration 
(plasticity). Since the disorder and libration phenomena strongly affect the 
observed bond lengths, the latter are rounded to full picometer in the following 
discussion. 
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Figure 60. Crystal structure of [Rh@Bi9](AlCl4)4 viewed along [100]. AlCl4– groups are 
shown as gray tetrahedra. Only dominant split positions are shown. 
Anisotropic displacement ellipsoids are omitted due to the disorder of all 
cations and the partially isotropic refinement. Superimposed spheres 
symbolize the nearly spherical shape of the cations. 
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The [Rh@Bi9]4+ polycations resemble the known [Bi9]5+ polycations[191,322–334] 
as well as to the isoelectronic, filled polyanions [Co@Sn9]5–[284] and [Cu@E9]3–
[285]
 (E = Sn, Pb). Thus, they can be described as Bi9 polycations (Bi–Bi for the 
dominant split positions in the weakly disordered cation around Rh1: 307–
337 pm; cf. with 307.4–328.1 pm in Bi6Cl7[323]) filled with a rhodium atom (Rh–
Bi: 266–283 pm for all bismuth split positions; 270–282 pm for the dominant 
ones, mean value: 276 pm). The Rh–Bi distances fall into the typical range found 
in rhodium-bismuth intermetallics and their subhalides (275.3–290.1 pm).[344,350–
352]
 The [Rh@Bi9]4+ polycations exhibit interatomic distances (Table 9) similar to 
their anionic counterpart [Cu@Pb9]3−.[285] 
 
Table 9. Comparison of average interatomic distances (/ pm) d(M–A) (M = Cu, Rh; 
A = Bi, Pb) and d(A–A) (reasonably bonding) in [Rh@Bi9]4+ and [Cu@Pb9]3– 
and calculated values. [a] at 296(1) K; only the dominant bismuth positions 
in the disordered polycations are considered for d(M–A); only the weakly 
disordered cation around Rh1 is considered for d(A–A). [b] at 150(2) K. 
Compound d(M–A) d(A–A) 
[Rh@Bi9](AlCl4)4[a] 276 320 
[Rh@Bi9]4+ calculated 285.1 327.6 
[K([2.2.2]crypt)]3[Cu@Pb9](dmf)2[b] 275.9 318.3 
 
  
Figure 61. Atomic disorder in the independent cations in [Rh@Bi9](AlCl4)4 (labels for 
the Rh atoms are given in the lower left corner). Dominant bismuth positions 
are given in blue, other split positions in red and orange. Please note the less 
pronounced disorder of the cation around Rh1 (left). The ellipsoids and 
spheres (for isotropically refined atoms) represent 70 % probability. 
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This similarity extends to the (approximate) symmetry. The symmetry of the 
[Rh@Bi9]4+ cations is closer (with disorder in mind) to D3h (or 6m2, i.e. a 
tricapped triangular prism) than to the related C4v (a capped square antiprism). 
The tricapped triangular prisms of [Rh@Bi9]4+ and [Cu@Pb9]3–[285] feature tilted 
basal planes, which may originate from packing effects since it is not reproduced 
upon geometry optimization (vide infra). In the heavily disordered case of 
[Rh@Bi9](AlCl4)4, this tilt is more prominent for certain cation sites. While the 
less disordered cation around Rh1 features only a slight tilt (respective distances 
between the dominant basal bismuth atoms: 383 pm, two times 409 pm), the 
cations around Rh2 (348 pm, 431 pm, 434 pm) and Rh3 (349 pm, 410 pm, 
434 pm) appear to be more strongly altered. This distortion hints on weak 
interactions between the basal planes with Bi–Bi distances shorter than the 
interlayer distance in elemental bismuth (352.9 pm[241]). 
The strong tilt could just be an artificial consequence of the strong disorder 
with superimposed atom sites and thus shifted atom positions. On the other hand, 
it could be an inherent quality of the cations, since they are prone to two possible 
configurations, i.e. a tricapped triangular prism (D3h symmetry) or a capped 
square antiprism (C4v symmetry). In this case, a tilted basal plane would be the 
first step toward a symmetry flip. In fact, the more heavily disordered cations 
around Rh2 and especially Rh3 attain ambiguous symmetries (Figure 63), 
whereas the less disordered cation around Rh1 is definitely a slightly distorted 
Figure 62. Spherical anionic environment of a [Rh@Bi9]4+ polycation. The yellow 
sphere with a radius of 550 pm is centered on the Rh1 atom. 
6 Heteropolycations of Bismuth with Platinum-Group Elements 
 
115 
 
 
tricapped triangular prism. Hence, the overall monoclinic symmetry of the crystal 
structure might arise not only from the combination of the cations with the Td-
symmetric anions (which could share a threefold axis) but also from symmetry 
flips of the cations owing to the weak interactions with the surrounding anions. 
Both C4v and D3h symmetries were found experimentally for [Bi9]5+, although 
the more spherical D3h symmetry clearly prevails. [Bi9]5+ with C4v symmetry was 
reported so far only in Bi18Sn7Br24.[333] Theoretical studies establish the C4v 
configuration, which complies with Wade-Mingos concept, as the equilibrium 
geometry that accords to the global energy minimum, whereas the D3h 
configuration is identified as a saddle point (literature[382] and own data in 
Supporting Table 66, page 256). Noteworthy is that the energy difference between 
these configurations amounts to less than 9 kJ/mol[382] only and thus can be easily 
compensated by packing effects. Similar competing ground states were observed 
for the filled anions: [Co@Sn9]5– maintains C4v,[284] while [Cu@E9]3– (E = Sn, Pb) 
is closer to D3h.[285] Both anions retain their respective symmetry also in the 
course of geometry optimization. 
The equilibrium geometry of [Rh@Bi9]4+ corresponds to an undistorted, 
tricapped triangular prism with D3h symmetry (Figure 64 and 
Supporting Table 67, page 257). In addition, the prism is elongated (440.5 pm in 
height) and two different Rh–Bi distances arise: 289.1 pm toward the basal atoms 
Figure 63. Dominant bismuth positions in the [Rh@Bi9]4+ polycation around Rh3 
viewed from different angles. Note the ambiguity in symmetry assignment 
due to strong libration and disorder effects. The dashed blue line (right; 
length indicated) has to shorten in order to achieve C4v symmetry. The 
ellipsoids and spheres (for isotropically refined atoms) represent 70 % 
probability. 
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and 277.1 pm toward the caps. The elongation of the prism becomes apparent 
when the calculated equilibrium geometries of the filled and empty trigonal 
[Bi9]5+ cations are compared (Figure 64). Therefore, it might be deduced that the 
spherical shape is rather promoted by the crystallographic environment than by 
the cation itself. Additionally, the Bi–Bi bonds in the basal triangles are more than 
10 pm shorter in the presence of the Rh atom. 
The calculated QTAIM[118] formal charges are –0.87 for the rhodium atom and 
+0.55 to +0.57 for the bismuth atoms (Supporting Table 67, page 257). The latter 
accords well with the overall charge of +5 for the empty polycation apportioned 
evenly among the nine-atom bismuth cluster. The charge distribution scheme 
enabled the interpretation of the filled cluster as a [Bi9]5+ polycation with an 
internal (formally) d10 Rh– anion, i.e. Rh–@[Bi9]5+. This puts it in the series of 
filled cations like M@[Bi10]4+ (M = Pd, Pt, Au+)[307–310] and anions like 
Co−@[Sn9]4−,[284] Cu+@[E9]4–[285] (E = Sn, Pb), M@[Pb12]2– (M = Ni, Pd, Pt),[311–
313]
 Ir–@[Sn12]2–[287]), and Ni@[HSn9]3−.[254] 
The bonding situation in [Rh@Bi9]4+ was further investigated by means of 
topological analyses of the ELI-D (electron localizability indicator) field 
(Figure 65; Supporting Table 68, page 257).[119,120] The bond polarity was 
evaluated from the overlap of ELI-D and QTAIM basins.[126]  
Figure 64. Experimentally determined shape of the [Rh@Bi9]4+ cation (centered at Rh1; 
disorder omitted; left), its calculated equilibrium geometry (middle) and the 
saddle-point configuration of [Bi9]5+ with the same symmetry (right). The 
experimentally observed symmetry of [Rh@Bi9]4+ is close to D3h and the 
geometry-optimization process yielded the same symmetry without any 
restrictions. Selected interatomic distances are given in pm. Experimental 
interatomic distances are rounded up to take libration and static disorder 
effects into account. 
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[Rh@Bi9]4+ features covalent bonds between the rhodium atom and all bismuth 
atoms with negligible polarity (basins 1 and 2). Homonuclear 2c-bonds between 
the basal bismuth atoms are represented by disynaptic basins (no. 3). Finally, the 
bonds between the basal and capping Bi atoms are represented by trisynaptic 
basins (4’) indicating a contribution of the Rh atom to each of the twelve bonds 
(approx. 20 % Rh share in each basin). Unfortunately, the basins 4’ are conjoined 
with the lone pairs of the basal bismuth atoms (4). In order to assess the polarity 
of the basins, the charge of the lone pair was subtracted by assuming an equal 
charge for all bismuth lone pairs. The interactions of the rhodium atom with the 
Bi–Bi bonds might be the reasons for the elongation of the triangular prism if 
calculated without a crystal field (vide supra). The almost spherical arrangement 
of the disynaptic bonding basins (basins 1 and 2), which gaps are additionally 
filled by parts of the trisynaptic basins 4’, suggest multicenter bonding almost 
Figure 65. Visualization and interpretation of the ELI-D basins listed in 
Supporting Table 68, page 257. 1: 2c-bond between the Rh atom and a 
capping Bi atom. 2: 2c-bond between a basal Bi atom and the Rh atom. 3: 
2c-bond between the Bi atoms in the triangular bases of the polycation. 4: 
lone pair of a Bi atom in the triangular bases of the polycation conjoined 
with two 3c-bonds (4’) between one basal Bi atom, one capping Bi atom, 
and the Rh atom. The virtual border between one 3c-bond basin and the lone 
pair is indicated by the white arc. 
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without preferred directed interactions. This might indicate a Rh– anion that 
interacts with the host cation as a whole. 
In order to clarify the effect of the rhodium atom on the surrounding bismuth 
polycation, the molecular orbitals (MOs) of [Rh@Bi9]4+ and its empty counterpart 
with D3h symmetry were evaluated (scheme in Figure 66; visualized MOs in 
Supporting Figure 36 to Supporting Figure 38, pages 258−260).  
Both cations feature almost the same HOMO–LUMO gap of approx. 1.8 eV. 
The corresponding MOs in both energy diagrams could be easily identified by 
their matching shapes, identical symmetry, and similar contributions of Bi p-states 
(Supporting Figure 36 to Supporting Figure 38, pages 258−260). Upon formal 
insertion of a “Rh–“ anion into [Bi9]5+, five MOs split (as expected for five d-
orbitals) below the Fermi level. The splitting accords with the abundance of ELI 
basins indicating bonding interactions. The LUMO is unaffected, while a different 
MO becomes the HOMO in the presence of Rh although it is still dominated 
solely by Bi states. To conclude, the (redox) stability of [Bi9]5+ is not modified by 
insertion of a rhodium atom. Moreover, the negligible changes in the MO shapes 
suggest only weak Rh−Bi interactions. 
The existence of guest-free [Bi9]5+ cations[322–334,191] as well as comparison of 
the MOs of [Rh@Bi9]4+ and its empty counterpart with D3h symmetry justifies the 
usage of the @ symbol. However, the question of the nature and strength of the 
bonding interactions could not be fully resolved. Additional calculations like 
delocalization indices (DI)[383–386] as well as ELI-D calculations for comparable 
systems are needed for future evaluation. 
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Figure 66. Sections of the normalized molecular orbital (MO) schemes for the clusters 
[Rh@Bi9]4+ (left) and [Bi9]5+ (right) with D3h symmetry close to the Fermi 
level (dashed line set at E = 0). All MOs below the Fermi level are fully 
occupied. The letters a and e denote non-degenerate and doubly degenerate 
orbitals, respectively. Bi p-states significantly contribute to all shown MOs, 
while the s-states lie much lower in energy. Dotted lines connect the 
matching MOs. 
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6.3 Conclusion 
The Lewis-acidic room-temperature ionic liquids [BMIm]X·nAlX3 (X = Cl, Br) 
are not only exceptionally good solvents for bismuth and its halides but also for 
complex ternary compounds including heavy transition metals such as  
Bi12–xRhX13–x ( = [Bi5]x[Bi6]1–x[RhBi6Br12]x[RhBi6Br13]1–x)[349] (X = Cl, Br) or 
Bi16PdCl22 ( = [Pd@Bi10]Bi6Cl22)[309]. Moreover, elemental platinum is activated 
at comparatively low temperatures in these ILs. 
Metal-rich salts containing [Bi10]4+ antiprisms with an endohedral palladium or, 
for the first time, platinum atom are accessible by dissolution of Bi16PdCl22 or by 
direct reaction of platinum metal with bismuth and bismuth tribromide in the 
utilized ILs. Reaction temperature and cluster concentration proved to be 
important parameters for tailoring the reaction product. 
Dissolution and subsequent conversion of the ternary precursor compounds 
Bi12–xRhX13–x[349] (X = Cl, Br) in [BMIm]X´·nAlX´3 yields exclusively either the 
filled bismuth polycation [Rh@Bi9]4+ (for X´ = Cl) or the complex cluster 
[Rh2Bi12]4+ (for X´ = Br) depending on the chosen halogenido-aluminate. The 
latter ion can be interpreted as a cut-out from the related catena cation 
 Rh2Bi9]3+ in the 1D-metal Bi9Rh2X3 (X = Br, I). The new [Rh2Bi12]4+ cluster 
expands the group of isolated, naked, cationic triple-decker clusters containing 
bismuth and group 8–10 transition metals (and bromine) atoms. [Ru2Bi14Br4]4+,[37] 
[Ru2Bi17Br4]5+,[82] and [Ni2Bi12]4+[319] were the only other ones synthesized so far. 
Together with the columnar structure of Bi4RuX2 (X = Br, I),[362] and, to some 
extent, Bi9Rh2X3 (X = Br, I),[344] they demonstrate striking examples of 
structurally and electronically flexible bismuth polyions adapting their bonding 
patterns to slight changes in their environment by forming dumbbells, rings, 
Wade-Mingos-like clusters or mixed Bi–Br entities. 
[Rh@Bi9]4+ represents not only the first spherical filled bismuth polycation but 
also the first one with an isolable empty host entity — the [Bi9]5+ polycation. 
Quantum-chemical calculations revealed a strong concentration of electron 
density on the Rh atom indicating a d10 Rh– guest. In addition, attractive 
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interactions of the endohedral atom with its host are traceable in the molecular 
orbital diagram as well as with the electron localizability indicator. The nature of 
these interactions awaits a conclusive interpretation until proper related systems 
are found for comparison. 
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6.4 Experimental Section 
6.4.1 Syntheses 
Bi16PdCl22 was synthesized from the elements according to Dubenskyy and 
Ruck (X-ray powder pattern in Supporting Figure 39, page 261).[309] Samples of 
Bi12–xRhX13–x (X = Cl, Br) were obtained from syntheses according to Ruck and 
Hampel (X-ray powder patterns in Supporting Figure 40 and 
Supporting Figure 41, page 262).[349] 
[Pt@Bi10](AlBr4)4: 93.4 mg of bismuth (0.47 mmol), 30.8 mg of BiBr3 
(0.07 mmol), 10 mg of platinum (0.05 mmol), 1000 mg of AlBr3 (3.75 mmol), and 
200 mg of [BMIm]Br (0.91 mmol) were mixed as described in chapter 2.2, heated 
to 140 °C with a ramp of 300 K·h–1, annealed for 6 days, and subsequently cooled 
to ambient temperature at a rate of –6 K·h–1. Black needles of the desired product 
with a length of up to several millimeters crystallized from the brown IL with a 
yield of more than 40 % next to easily separable crystals of AlBr3. 
[Pt@Bi10](AlBr4)2(Al2Br7)2 occurs as a trace. The IL can be removed with dry 
dichloromethane. Increasing the reaction temperature to 200 °C and doubling the 
amount of platinum leads to the formation of β-Bi2Pt = Bi2Pt(cP12)[387,388] (high 
temperature phase) as by-product.  
[Pd@Bi10](AlBr4)2(Al2Br7)2: 50 mg of Bi16PdCl22 (0.012 mmol), 500 mg of 
AlBr3 (1.88 mmol), and 100 mg of [BMIm]Br (0.46 mmol) were mixed as 
described in chapter 2.2, heated to 140 °C with a ramp of 300 K·h–1, annealed for 
3−5 days, and subsequently cooled to ambient temperature at a rate of –6 K·h–1. 
Black, thick platelets or polyhedra in the shape of conjoined trapezoids are 
obtained within the brown IL and recrystallized AlBr3. The product can be washed 
with dry dichloromethane to remove the IL. Yield: approx. 50 % (Pd-based). The 
excess of bismuth crystallizes as Bi2Br4(AlBr4)2 after several days from the IL if 
the latter is not removed. 
[Pd@Bi10](AlBr4)4 is yielded from the dissolution of Bi16PdCl22 if the above-
mentioned conditions for [Pd@Bi10](AlBr4)2(Al2Br7)2 are not met. An increase of 
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the amount of Bi16PdCl22 (100 mg), a higher annealing temperature, or the 
separation of the IL from the already crystallized product at elevated temperatures 
lead to partial or exclusive formation of [Pd@Bi10](AlBr4)4. In addition, 
[Pd@Bi10](AlBr4)4 features a temperature-dependent solubility in the IL. A 
feasible route for a phase-pure sample with big crystals was annealing the same 
amount as mentioned for [Pd@Bi10](AlBr4)2(Al2Br7)2 at 200 °C for four days and 
subsequent cooling with a rate of –6 K·h–1. To ensure the absence of the other 
polycation phase, the furnace was tilted prior to cooling the sample resulting in 
the separation of the IL from a small precipitate (which might contain traces of 
[Pd@Bi10](AlBr4)2(Al2Br7)2). Black needles of the desired product with a length 
of up to several millimeter crystallized from the brown IL with a yield of approx. 
50 % (Pd-based) next to AlBr3. The IL can be removed with dry dichloromethane. 
The excess of bismuth crystallizes as Bi2Br4(AlBr4)2 after several days from the 
IL if the latter is not removed. “[Pd@Bi10](AlCl4)4“ seems to be accessible in the 
same manner as its bromine analog. However, the obtained black needles of up to 
several millimeters length apparently suffer from the absence of a long-range 
order in two dimensions, which is visible in diffuse layers in their diffraction 
pattern. Thus, their crystal structure cannot be elucidated doubtlessly. 
[Rh2Bi12](AlBr4)4: 100 mg of Bi12–xRhCl13–x (0.035 mmol) or Bi12–xRhBr13-x 
(0.03 mmol), 500 mg of AlBr3 (1.88 mmol), and 100 mg of [BMIm]Br 
(0.46 mmol) were mixed as described in chapter 2.2, heated to 140 °C with a ramp 
of 300 K·h–1, annealed for 3–6 days, and subsequently cooled to ambient 
temperature at a rate of –6 K·h–1. Black platelets of [Rh2Bi12](AlBr4)4 crystallized 
from the brown IL with a yield (Rh-based) of more than 50 % next to AlBr3. The 
IL can be removed with dry dichloromethane. 
[Rh@Bi9](AlCl4)4: 100 mg of Bi12–xRhCl13–x (0.035 mmol) or Bi12–xRhBr13–x 
(0.03 mmol), 250 mg of AlCl3 (1.88 mmol), and 90 mg of [BMIm]Cl (0.52 mmol) 
were treated as in the bromine case above. Black needles or slats of up to several 
millimeters length were obtained from the brown IL together with color-less 
hexagons of AlCl3. The product can be washed with dry dichloromethane to 
remove the IL. Yield: >80 % (Rh-based).  
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6.4.2 Details for X-ray Crystal Structure Determination 
[Pt@Bi10](AlBr4)4 undergoes a displacive phase transition from space group 
P42/n (no. 84) to its translationengleiche subgroup P4 (no. 81, index 2, origin 
shift by ¼, –¾, –¾)[345,346] if cooled from 296(1) K to 150(2) K. At room 
temperature, a beginning anion disorder similar to the palladium analog is 
suggested by a slight misbalance of the maximum and minimum of the residual 
electron density (2.33 compared to –1.09 e–/(106 pm3)). The stronger maximum is 
located at the same position as one of the bromine split positions in the palladium 
analog. However, the electron density is so weak that it was not modeled. At 
150(2) K, a few reflections are contradicting the space group P4, which is further 
indicated by a rather large internal R-value. Unfortunately, the already high 
amount of parameters necessitates the chosen space group. The low R-values of 
the refinement, however, support the selection of P4. Owing to the flexibility of 
the crystal structures due to only weak interactions between cations and anions, 
their close-to-spherical shapes, and the low temperature of synthesis, there is a 
high chance for disorder and libration. Therefore, the complete phase transition 
does not necessarily be traceable for all crystals of [Pt@Bi10](AlBr4)4 and a 
disordered structure similar to the discussed palladium congener might occur. 
Data in brief for [Pt@Bi10](AlBr4)4 at 296(1) K: a = 3864.5(3) pm, 
c = 1140.75(5) pm, V = 17036(3) · 106 pm3, P42/n (no. 84), Z = 16; 
ρcalc = 5.73 g·cm–3; µ(Mo-Kα) = 59.52 mm–1; 67108 reflections measured, 7907 
unique; –37 ≤ h ≤ 37, –37 ≤ k ≤ 37, –10 ≤ l ≤ 10, 2θmax = 40.00°; 559 parameters; 
Rint = 0.097, Rσ = 0.077, R1 = 0.040 for 4437 Fo > 4σ(Fo), R1 = 0.097 for all Fo, 
wR2 = 0.053, Goof = 0.962; min./max. residual electron density: 
−1.09 / 2.33 e · 10–6 pm–3. 
Data in brief for [Pt@Bi10](AlBr4)4 at 150(2) K: a = 3817.93(8) pm, 
c = 1134.94(3) pm, V = 16543.6(8) ·  106 pm3, 4 (no. 81), Z = 16; 
ρcalc = 5.90 g·cm–3; µ(Mo-Kα) = 61.29 mm–1; 159766 reflections measured, 29047 
unique; –45 ≤ h ≤ 45, –45 ≤ k ≤ 45, –13 ≤ l ≤ 13, 2θmax = 50.0°; 1118 parameters; 
Rint = 0.120, Rσ = 0.080, R1 = 0.054 for 24308 Fo > 4σ(Fo), R1 = 0.069 for all Fo, 
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wR2 = 0.090, Goof = 1.114; min./max. residual electron density: 
−3.13 / 3.84 e · 10–6 pm–3; inversion twin with ratio 0.287:0.713(9). 
[Pt@Bi10](AlBr4)2(Al2Br7)2 shows a beginning phase transition to a less 
symmetric space group indicated by a few reflections contradicting the space 
group P21/n. However, the small amount of additional reflections and the low Rint 
for averaging the data in 2/m allows applying the space group P21/n. 
Data in brief for [Pt@Bi10](AlBr4)2(Al2Br7)2 at 150(2) K: a = 1262.0(3) pm, 
b = 1148.0(2) pm, c = 3663.8(8) pm, β = 91.612(8)°, V = 5306(2) · 106 pm3, P21/n 
(no. 14), Z = 4; ρcalc = 5.26 g·cm–3; µ(Mo-Kα) = 52.33 mm–1; 40903 reflections 
measured, 9808 unique; –15 ≤ h ≤ 15, –12 ≤ k ≤ 13, –44 ≤ l ≤ 44, 2θmax = 51.00°; 
352 parameters; Rint = 0.048, Rσ = 0.046, R1 = 0.044 for 7832 Fo > 4σ(Fo), 
R1 = 0.063 for all Fo, wR2 = 0.082, Goof = 1.564; min./max. residual electron 
density: −3.20 / 2.63 e · 10–6 pm–3. 
The crystal structure of [Pd@Bi10](AlBr4)4 is disordered at 296(1) K as well as 
at 150(2) K. At room temperature, only a disorder of one independent AlBr4– 
tetrahedron is visible, which occupies two possible positions. The site occupancy 
factors for all atoms of each orientation refined independently to similar values. 
Therefore, they were coupled. The disordered atoms could only be refined with 
isotropic displacement parameters, which were equalized for the aluminum and 
bromine atoms of the disordered group, respectively. Only one of both split 
positions can be occupied for adjacent anions. 
At 150(2) K, the site occupancy factors of the two anion-positions are inverted. 
Additionally, a disorder of one independent polycation is visible in the form of 
two additional maxima of the electron density residing over the pentagonal faces 
emulating an (distorted) icosahedron. A rigid-body refinement of two (or more) 
polyhedra gave significantly worse R-values and residual electron-density maps 
(or failed). Therefore, the disorder was modeled with just two additional bismuth 
atoms with fixed isotropic displacement parameters and a refined, coupled site 
occupancy factor. Unfortunately, this leads to unreliable interatomic distances for 
the involved bismuth atoms. 
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The two corresponding bismuth atoms of the original Bi10 cluster with lower 
occupancy factor were chosen according to the cation orientation in the platinum 
analog at 150(2) K. The cation disorder results in impossibly short Bi–Br bond 
lengths. The low probability of the second cation orientation (≈ 7 %) leads to the 
invisibility of the necessary disorder of the adjacent anions. Owing to the 
flexibility of the crystal structures (= disorder) and weak scattering power, finding 
a suitable single crystal can be difficult. There might be crystals of 
[Pd@Bi10](AlBr4)4 with ordered cations like its platinum analog. In addition to the 
disorder, several reflections contradicting the space group P42/n occur at 
150(2) K; however, a structure model in a less symmetric space group does not 
result in a crystal-chemically meaningful resolution of the disorder and/or fails to 
converge due to the high pseudo-symmetry and high amount of (correlated) 
variables. 
Data in brief for [Pd@Bi10](AlBr4)4 at 296(1) K: a = 3865.6(6) pm, 
c = 1141.5(2) pm, V = 17057(6) · 106 pm3, P42/n (no. 84), Z = 16; 
ρcalc = 5.58 g·cm–3; µ(Mo-Kα) = 56.59 mm–1; 53485 reflections measured, 7923 
unique; –37 ≤ h ≤ 37, –37 ≤ k ≤ 37, –10 ≤ l ≤ 10, 2θmax = 40.00°; 548 parameters; 
Rint = 0.164, Rσ = 0.141, R1 = 0.058 for 3589 Fo > 4σ(Fo), R1 = 0.146 for all Fo, 
wR2 = 0.077, Goof = 0.917; min./max. residual electron density: 
−1.96 / 2.11 e · 10–6 pm–3; twinning by merohedry with ratio 0.988:0.012(1) 
Data in brief for [Pd@Bi10](AlBr4)4 at 150(2) K: a = 3839.6(2) pm, 
c = 1132.58(5) pm, V = 16697(2) · 106 pm3, P42/n (no. 84), Z = 16; 
ρcalc = 5.70 g·cm–3; µ(Mo-Kα) = 57.81 mm–1; 77190 reflections measured, 11858 
unique; –42 ≤ h ≤ 42, –40 ≤ k ≤ 42, –12 ≤ l ≤ 12, 2θmax = 46.68°; 555 parameters; 
Rint = 0.130, Rσ = 0.120, R1 = 0.079 for 7586 Fo > 4σ(Fo), R1 = 0.126 for all Fo, 
wR2 = 0.096, Goof = 1.507; min./max. residual electron density: 
−2.90 / 3.75 e · 10–6 pm–3; twinning by merohedry with ratio 0.9800:0.0200(6). 
Data in brief for [Pd@Bi10](AlBr4)2(Al2Br7)2 at 296(1) K: a = 1294(1) pm, 
b = 1166.9(5) pm, c = 3743(3) pm, β = 91.89(2)°, V = 5650(10) · 106 pm3, P21/n 
(no. 14), Z = 4; ρcalc = 4.84 g·cm–3; µ(Mo-Kα) = 47.00 mm–1; 41118 reflections 
measured, 7366 unique; –13 ≤ h ≤ 13, –12 ≤ k ≤ 12, –40 ≤ l ≤ 40, 2θmax = 46.00°; 
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352 parameters; Rint = 0.061, Rσ = 0.051, R1 = 0.041 for 4871 Fo > 4σ(Fo), 
R1 = 0.079 for all Fo, wR2 = 0.097, Goof = 1.107; min./max. residual electron 
density: −1.18 / 1.61 e · 10–6 pm–3. 
Data in brief for [Pd@Bi10](AlBr4)2(Al2Br7)2 at 150(2) K: a = 1260.3(2) pm, 
b = 1147.8(2) pm, c = 3658.8(5) pm, β = 91.564(4)°, V = 5291(2) · 106 pm3, P21/n 
(no. 14), Z = 4; ρcalc = 5.17 g·cm–3; µ(Mo-Kα) = 50.18 mm–1; 25676 reflections 
measured, 8870 unique; –10 ≤ h ≤ 11, –14 ≤k ≤ 13, –44 ≤ l ≤ 46, 2θmax = 55.31°; 
352 parameters; Rint = 0.053, Rσ = 0.074, R1 = 0.035 for 5874 Fo > 4σ(Fo), 
R1 = 0.068 for all Fo, wR2 = 0.043, Goof = 0.992; min./max. residual electron 
density: −1.29 / 1.60 e · 10–6 pm–3. 
Data in brief for [Rh2Bi12](AlBr4)4 at 296(2) K: a = 1452.78(5) pm, 
b = 2000.97(7) pm, c = 1657.67(6) pm, β = 105.124(2)°, V = 4651.9(3) ·  106 pm3, 
P21/m (no. 11), Z = 4; ρcalc = 5.85 g·cm–3; µ(Mo-Kα) = 59.72 mm–1; 38584 
reflections measured, 8446 unique; –17 ≤ h ≤ 17, –23 ≤ k ≤ 22, –19 ≤ l ≤ 18, 
2θmax = 50.24°; 334 parameters; Rint = 0.064, Rσ = 0.075, R1 = 0.043 for 
5285 Fo > 4σ(Fo), R1 = 0.088 for all Fo, wR2 = 0.045, Goof = 1.214; min./max. 
residual electron density: −2.34 / 2.58 e · 10–6 pm–3. 
The crystal structure of [Rh@Bi9](AlCl4)4 features static and dynamic disorder 
of the cations due to an almost spherical shape of the [Rh@Bi9]4+ ions. In 
addition, the Bi···Cl distances are rather long and the chlorine atoms form an 
almost isotropic coordination sphere around the cations leading to a virtual 
absence of a rotation barrier for the [Rh@Bi9]4+ cations. The disorder becomes 
manifest in diffuse scattering along c* and several possible positions for each 
independent [Rh@Bi9]4+ cation. Nevertheless, the integrated scattering intensities 
along c* indicate a threefold superstructure owing to different rotational positions 
of the cations. Therefore, at higher temperature and subsequent free rotation of the 
cations within the crystal structure, one would expect c to be (roughly) one third 
of the measured value. At room temperature, an incomplete freezing of the 
rotation has occurred. 
The remaining strong libration of the cations at room temperature as well as the 
abundance of possible orientations thwarts a refinement with defined (rigid body) 
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clusters because many split positions are too close to each other. Therefore, only 
sufficiently separated split positions were refined independently while the others 
were combined in anisotropic displacement ellipsoids. Wherever possible, the 
split positions were refined anisotropically and otherwise coupled in their 
isotropic displacement parameter for each cation. Split positions that were 
identified to belong to one orientation were refined with an equal site occupancy 
factor. The remaining maxima of the slightly misbalanced difference Fourier map 
also belong to disordered bismuth positions but could not be assigned to 
reasonable orientations and were thus neglected. 
Some impossibly short Bi·· ·Cl distances occur owing to the abundance of split 
positions of bismuth atoms, which should result in minor changes in the anionic 
environment. However, the resulting split positions of the chlorine atoms are 
invisible due to their low site occupancy factors and electron count. Further 
complication arises from an extremely unbalanced distribution of scattering 
intensity over 2θ, in addition to the effects of plasticity (see diffractogram 
Supporting Figure 35, page 248) and twinning due to the almost orthorhombic 
metric. Owing to the only slight deviation of β from 90°, the individuals needed to 
be (and were) treated as twins by merohedry. However, this handicapped the 
integration process due to the beginning splitting of reflections. Furthermore, a 
doubling of b is foreshadowed, which becomes imminent upon cooling. Owing to 
the already high pseudo symmetry and size of the unit cell, a model with a 
doubled b axis was unfavorable and only the data at room temperature were used. 
For the same reason, the few additional reflections contradicting the glide plane 
were neglected. Some of the crystals showed even signs of incommensurate 
modulation in the a*b* layer if measured promptly after crystallization. However, 
these satellite reflections vanished for a couple of crystals after several weeks 
indicating the flexibility of the structure. The cation disorder, the obvious 
plasticity, as well as the overall poor crystallinity obscure the exact atomic 
positions and distances. Therefore, values should be taken cum grano salis and 
were rounded to full picometer. Owing to the strong libration effects, all distances 
to terminal atoms are probably underestimated. 
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Data in brief for [Rh@Bi9](AlCl4)4 at 296(1) K: a = 1217.5(2) pm, 
b = 1741.6(3) pm, c = 5085.7(7) pm, β = 90.117(8)°, V = 10784(3) · 106 pm3, 
P21/n (no. 14), Z = 12; ρcalc = 4.91 g·cm–3; µ(Mo-Kα) = 45.62 mm–1; 59963 
reflections measured, 14026 unique; –13 ≤ h ≤ 12, –18 ≤ k ≤ 18, –40 ≤ l ≤ 54, 
2θmax = 45.00°; 845 parameters; Rint = 0.077, Rσ = 0.075, R1 = 0.093 for 
9516 Fo > 4σ(Fo), R1 = 0.128 for all Fo, wR2 = 0.223, Goof = 1.499; min./max. 
residual electron density: −2.76 / 5.17 e · 10–6 pm–3; treated as twinning by 
merohedry with ratio 0.602:0.398(2). 
6.4.3 EDX Analysis 
The chlorine content for the palladium compounds derived from Bi16PdCl22 is 
below or at the detection limit. If chlorine is manually set to be present, its atomic 
percentage is calculated to be around 2 %. Averaged spot measurements for 
crystals of each compound resulted in (at.-%; measured/calculated): 
[Pd@Bi10](AlBr4)2(Al2Br7)2:  
Pd 3.1(0.2)/2.6, Bi 27.3(0.9)/25.6, Al 14.6(2.1)/15.4, Br 55.1(1.1)/56.4. 
[Pd@Bi10](AlBr4)4: 
Pd 3.9(0.2)/3.2, Bi 35.0(0.3)/32.3, Al 12.2(1.2)/12.9, Br 48.9(1.1)/51.6. 
[Pt@Bi10](AlBr4)2(Al2Br7)2: 
Pt 2.2(0.3)/2.6, Bi 24.9(2.7)/25.6, Al 17.9(2.0)/15.4, Br 55.0(1.6)/56.4. 
[Pt@Bi10](AlBr4)4:  
Pt 3.2(0.2)/3.2, Bi 31.5(1.0)/32.3, Al 14.7(1.5)/12.9, Br 50.6(0.8)/51.6. 
[Rh2Bi12](AlBr4)4:  
Rh 3.8(0.4)/5.9, Bi 36.3(0.5)/35.3, Al 11.1(1.0)/11.8, Br 48.8(0.8)/47.1. 
[Rh@Bi9](AlCl4)4: 
Rh 3.9(0.7)/3.3, Bi 31.0(4.4)/30.0, Al 20.1(1.3)/13.3, Cl 44.4(3.1)/53.3. 
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7 Summary 
Within the scope of this doctoral thesis, a variety of new polycationic 
compounds of group 15 elements has been successfully synthesized in Lewis-
acidic ionic liquids (ILs) based on 1-n-butyl-3-methylimidazolium (or 
1-ethyl-3-methylimidazolium) halides and halogenido-aluminates. Determination 
of the crystal structures by single-crystal X-ray diffraction enabled analysis of 
their bonding situation supported by quantum-chemical calculations. 
Aside from the explorative aim of this work, a second intention was to deduce 
decisive reaction parameters for the controlled synthesis of polycationic 
compounds of (heavy) main-group elements. In general, the employed ILs 
enabled syntheses with a high selectivity for the yielded polycation. Depending on 
the investigated chemical system, the following parameters were pinpointed to 
have significant influence: 
• choice of starting materials 
• choice of cation as well as anion of the IL 
• reaction temperature 
• concentration of starting materials in the IL 
The investigations on decisive reaction parameters were supported by NMR 
spectroscopy, which led to the discovery of nanoparticles of red phosphorus by 
serendipity. This finding may stimulate the development of an easily accessible, 
reactive form of phosphorus without the hazardous drawbacks of the white 
allotrope. In addition, in situ NMR measurements in ILs were proven a viable 
option for mechanistic investigations. This might encourage further elucidation of 
synthesis mechanisms for inorganic materials in order to optimize industrial 
processes. 
Conventional solid-state reaction as well as ionothermal syntheses yielded the 
new layered compounds M2Bi2S3(AlCl4)2 (M = Cu, Ag), which can be interpreted 
as Bi2S3 molecules embedded in MAlCl4 salts. Thus, they represent the first 
structural evidence of this molecular modification of bismuth sulfide. 
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Furthermore, the choice of starting materials was found to have a crucial influence 
on the crystallized polytype. Omitting the IL hindered the formation of crystals 
suitable for single-crystal structure determination. The ability of the employed ILs 
to act as reaction media for low dimensional networks or fragments could give 
rise to materials with interesting physical properties like confined metals. 
The three new main-group element heteropolycations [Bi6Te4Br2]4+, 
[Bi3S4AlCl]3+, and [Sb13Se16]7+ have been synthesized under ionothermal 
conditions. In addition, an alternative route for the synthesis of [Bi4Te4]4+ has 
been established. The Lewis-acidic ILs proved to be exceptional solvents for 
elements and their halides, and likewise for Bi2S3 and Bi2Te3. Hence, these 
solvents are not only advantageous reaction media for pnictogen and chalcogen 
chemistry but also potential (selective but expensive) ore-processing agents. 
These excellent solvent capabilities extend to complex ternary compounds 
including heavy transition metals such as Bi16PdCl22. Moreover, elemental 
platinum is activated at comparatively low temperatures in the utilized ILs. This 
gave rise to the synthesis of metal-rich salts containing [Bi10]4+ antiprisms with an 
endohedral palladium or, for the first time, platinum atom. Furthermore, the filled 
bismuth polycation [Rh@Bi9]4+ or the complex cluster [Rh2Bi12]4+ could be 
obtained from dissolution and conversion of Bi12–xRhX13–x (X = Cl, Br) dependent 
on the employed IL. Real-space bonding analysis revealed that [Rh2Bi12]4+ 
acquires a unique standing between dative bonding by bismuth polyions and 
mixed clusters following Wade-Mingos rules. 
The synthesis of the bromido-aluminate salts [Bi4Te4](AlBr4)2(Al2Br7) and 
[Bi4Te4](AlBr4)3 led to a puzzling mismatch of their crystal structure and 
magnetic properties. Further investigations are needed to elucidate the real 
structure of these compounds or the potentially unusual electronic behavior 
simulating the measured properties. 
Owing to the virtually unlimited number of possible combinations of suitable 
cations and anions to form new ILs, one can expect numerous task-specific ILs in 
the near future. This will most likely lead to remarkable new inorganic materials 
with potentially very beneficial physical properties. 
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Supporting Figure 1. 
31P NMR 14 kHz MAS spectra of both batches of red phosphorus. Black: batch 1; red: 
batch 2. 
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Supporting Figure 2. 
31P NMR spectra of the reaction mixture P:I2=1:2 (phosphorus batch 1) prior to the first 
annealing at 25 °C and 40 °C. 
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Supporting Figure 3.  
31P NMR spectra of the reaction mixture P:I2=2:1 (phosphorus batch 2) and of as-bought 
P2I4 and its dissociation. Green spectrum: reaction mixture of phosphorus and iodine after 
conditioning at 80 °C for 11 h and measured at 70 °C. Other spectra: commercial P2I4
measured at 80 °C (red), measured at 25°C (blue), and as 14 kHz MAS spectrum at 25 °C 
(black). Spinning sidebands are marked with asterisks. The signal at 228 ppm in the 
spectrum at 80 °C belongs to an unknown species and is marked with a cross. 
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Supporting Figure 4. 
31P NMR spectra of the reaction mixture P:I2 = 1:1 (phosphorus batch 1) prior to the first 
conditioning at different measuring temperatures. The signal attributed to phosphorus 
iodides at the surface of the nanoparticles is marked with a cross (cf. main text) 
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Supporting Figure 5.  
X-ray powder diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of the reaction product 
of P:I2 = 1:1 in BMIm]Cl·2AlCl3 after conditioning at 120 °C; same sample as MAS (cf. 
Figure 9, main text). 
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Supporting Figure 6.  
Photograph of the yellowish nanoparticles resulting from the dissociation of P2I4 on top of 
the starting material (left) and after multiple rinsing with and dispersion in DCM (right). 
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Supporting Figure 7. 
EDX line scan of a phosphorus nanoparticle after rinsing with dry DCM. The integrated 
atomic fractions (without oxygen or carbon) of the particle are 67(3) % P, 11(2) % Al, 
10(2) % Cl, and 12(2) % I (Ua = 8 kV). The yellow line in the SEM picture indicates the 
trace of the line scan. 
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Supporting Figure 8. 
EDX line scan of a hollow phosphorus nanoparticle after rinsing with dry DCM and 
96 % EtOH. The integrated atomic fractions (without oxygen or carbon) of the particle 
are 62(4) % P, 32(4) % Al, 7(2) % Cl, and 0.4(2) % I (Ua = 30 kV). Note the maxima of 
aluminum inside the particle and the shoulder of aluminum outside of it. The black line 
in the SEM picture indicates the trace of the line scan. 
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Supporting Figure 9.  
EDX mapping (Ua = 30 kV) of hollow phosphorus nanoparticles after rinsing with dry 
DCM and 96 % EtOH. a) SEM picture, b) STEM picture, c) phosphorus Kα1,
d) aluminum Kα1, e) iodine Lα1, f) chlorine Kα1. The integrated atomic fractions 
(without oxygen or carbon) of the particles are 58.8 % P, 32.9 % Al, 7.9 % Cl, and 0.4 % 
I. Note the maxima of aluminum inside the particles forming a second wall. However, 
aluminum is also visible in the region of the phosphorus wall. Chlorine and iodine are 
mostly visible at the inner wall and inside of the particles. 
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Supporting Figure 10.  
Powder X-ray diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of Cu2Bi2S3(AlCl4)2
from the conversion of Cu3Bi2S3Br2 in [BMIm]Cl·3.6AlCl3 at 200 °C. 
Supporting Figure 11.  
Powder X-ray diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of the product of the 
solvent-free synthesis of Cu2Bi2S3(AlCl4)2. 
9 Supporting Information 
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Supporting Figure 12.  
Powder X-ray diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of Cu2Bi2S3(AlCl4)2
from the synthesis in ionic liquid at 200 °C starting from CuCl, Bi2S3, AlCl3, and 
[BMIm]Cl. 
Supporting Figure 13.  
Powder X-ray diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of Cu2Bi2S3(AlCl4)2
from the synthesis in ionic liquid at 200 °C starting from Cu2S, BiCl3, Bi2S3, AlCl3, and 
[BMIm]Cl. 
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Supporting Figure 14.  
Powder X-ray diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of Ag2Bi2S3(AlCl4)2 
from solvent-free synthesis. 
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Supporting Table 1. Wyckoff positions (W.p.), coordinates, and anisotropic 
displacement parameters Uij (/ pm2) for the atoms in 6R-Cu2Bi2S3(AlCl4)2 at 296(1) K. 
The exponent of the anisotropic displacement factor takes the form: –2π2[h2a*2U11 + ... + 
2hka*b*U12]. Ueq is defined as one-third of the trace of the orthogonalized tensor Uij. 
Atom W.p. x y z U11 U22  U33 U23 U13 U12 Ueq 
Bi 12c 2/3 1/3 0.0579(1) 21(1) 21(1) 21(1) 0 0 10(1) 21(1) 
Cu 12c 0 0 0.0834(1) 20(1) 20(1) 38(1) 0 0 10(1) 26(1) 
S 18e 0.3614(2) 1/3 1/12 13(1) 16(1) 29(1) 1(1) 0(1) 8(1) 19(1) 
Al 12c 1/3 2/3 0.0257(1) 22(1) 22(1) 21(1) 0 0 11(1) 22(1) 
Cl1 12c 1/3 2/3 –0.0049(1) 62(1) 62(1) 22(1) 0 0 31(1) 49(1) 
Cl2 36f 0.0962(2) 0.3308(2) 0.0384(1) 30(1) 24(1) 44(1) 7(1) 6(1) 11(1) 34(1) 
 
Supporting Table 2. Wyckoff positions (W.p.), coordinates, and anisotropic 
displacement parameters Uij (/ pm2) for the atoms in 2H-Cu2Bi2S3(AlCl4)2 at 296(1) K. 
The exponent of the anisotropic displacement factor takes the form: –2π2[h2a*2U11 + ... + 
2hka*b*U12]. Ueq is defined as one-third of the trace of the orthogonalized tensor Uij. 
Atom W.p. x y z U11 U22  U33 U23 U13 U12 Ueq 
Bi 4f 2/3 1/3 0.1737(1) 18(1)  18(1) 15(1)  0 0  9(1) 17(1) 
Cu1 2c 1/3 2/3 1/4 18(1)  18(1) 33(1)  0 0  9(1) 23(1) 
Cu2 2a 0 0 1/4 17(1)  17(1) 33(1)  0 0  9(1) 22(1) 
S 6h 0.3607(1) 0.0284(1) 1/4 10(1)  10(1) 21(1)  0 0  4(1) 14(1) 
Al 4f 1/3 2/3 0.0774(1) 20(1)  20(1) 15(1)  0 0  10(1) 18(1) 
Cl1 4f 1/3 2/3 –0.0147(1) 61(1)  61(1) 17(1)  0 0  30(1) 46(1) 
Cl2 12i 0.2347(1) 0.3312(1) 0.1151(1) 27(1)  20(1) 39(1)  6(1) 1(1)  10(1) 29(1) 
 
Supporting Table 3. Wyckoff positions (W.p.), coordinates, and anisotropic 
displacement parameters Uij (/ pm2) for the atoms in Ag2Bi2S3(AlCl4)2 at 296(1) K. The 
exponent of the anisotropic displacement factor takes the form: –2π2[h2a*2U11 + ... + 
2hka*b*U12]. Ueq is defined as one-third of the trace of the orthogonalized tensor Uij. 
Atom W.p. x y z U11 U22  U33 U23 U13 U12 Ueq 
Bi 4f 2/3 1/3 0.1718(1) 26(1)  26(1) 17(1)  0 0  13(1) 23(1) 
Ag1 2c 1/3 2/3 1/4 30(1)  30(1) 58(1)  0 0  15(1) 39(1) 
Ag2 2b 0 0 1/4 29(1)  29(1) 72(1)  0 0  15(1) 44(1) 
S 6h 0.3826(4) 0.0519(4) 1/4 18(1)  18(1) 26(1)  0 0  6(1) 22(1) 
Al 4f 1/3 2/3 0.0792(1) 28(1)  28(1) 17(1)  0 0  14(1) 24(1) 
Cl1 4f 1/3 2/3 –0.0154(1) 74(2)  74(2) 19(1)  0 0  37(1) 56(1) 
Cl2 12i 0.2352(4) 0.3429(3) 0.1164(1) 40(1)  30(1) 41(1)  6(1) 4(1)  17(1) 37(1) 
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Supporting Table 4. Atomic coordinates (in pm; Cartesian basis) for the DFT-
optimized geometry of the Bi2S3 molecule. Frequency analysis has shown no imaginary 
modes. Total energy comprises –19.138 eV, whereas zero-point energy is equal to 
0.125 eV. 
Atom x y  z 
Bi 0 0 973.53 
Bi 0 0 1286.92 
S –103.26 178.86 1130.22 
S 206.53 0 1130.22 
S –103.26 –178.86 1130.22 
 
  
Supporting Figure 15.  
ELI-D localization domains (light grey) at ϒ = 1.55 for a fragment of the Ag–Bi–S layer 
(Ag in grey, Bi in purple, S in yellow). 
9 Supporting Information 
 
 
168 
 
 
 
  
Supporting Figure 16.  
Calculated density of states for 2H’-Ag2Bi2S3(AlCl4)2. 
Supporting Figure 17.  
Calculated band structure for 2H’-Ag2Bi2S3(AlCl4)2. 
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Supporting Figure 18.  
Calculated density of states for 6R-Cu2Bi2S3(AlCl4)2. 
Supporting Figure 19.  
Calculated band structure for 6R-Cu2Bi2S3(AlCl4)2. 
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Supporting Figure 20.  
Tauc plot for 6R-Cu2Bi2S3(AlCl4)2. 
Supporting Figure 21.  
Tauc plot for 2H’-Ag2Bi2S3(AlCl4)2. 
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Supporting Figure 22.  
Powder X-ray diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of [Bi4Te4](AlBr4)4. The 
maximum of the background scattering at about 20° is evoked by the glass capillary. 
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Supporting Figure 23.  
Powder X-ray diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of [Bi6Te4Br2](AlBr4)4.
The maximum of the background scattering at about 20° is evoked by the glass capillary. 
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Supporting Table 5. Coordinates for the atoms in [Bi4Te4](AlBr4)4 in comparison to 
the isostructural [Bi4Te4](AlCl4)4[222,223] (in italics) and equivalent displacement 
parameters Ueq (/ pm2) at 296(1) K. All atoms reside on Wyckoff positions 8g. Ueq is 
defined as one-third of the trace of the orthogonalized tensor Uij. 
Atom x y z Ueq 
Bi 0.55578(5) 0.15616(5) 0.37203(6) 322(1) 
 0.55723(2) 0.16297(2) 0.37424(2)  
Te 0.34916(8) 0.05405(9) 0.38643(9) 323(2) 
 0.34293(4) 0.05515(4) 0.38905(4)  
Al 0.3038(3) 0.4253(3) 0.2840(4) 320(10) 
 0.2996(2) 0.4283(2) 0.2888(2)  
Br1 0.1369(1) 0.4478(2) 0.3612(2) 485(4) 
Cl1 0.1388(2) 0.4523(2) 0.3610(2)  
Br2 0.2982(2) 0.3122(1) 0.1317(2) 529(4) 
Cl2 0.2963(2) 0.3167(2) 0.1455(2)  
Br3 0.3942(2) 0.3487(1) 0.4301(2) 508(5) 
Cl3 0.3878(2) 0.3536(2) 0.4291(2)  
Br4 0.3655(2) 0.5806(1) 0.2220(2) 637(7) 
Cl4 0.3650(2) 0.5776(2) 0.2320(3)  
 
 
Supporting Table 6. Anisotropic displacement parameters Uij (/ pm2) for 
[Bi4Te4](AlBr4)4 at 296(1) K. The exponent of the anisotropic displacement factor takes 
the form: −2π2[h2a*2U11 + ... + 2hka*b*U12]. 
Atom U11 U22 U33 U23 U13 U12 
Bi 327(4) 291(3) 350(3) –2(3) –12(3) –60(3) 
Te 278(7) 355(7) 336(6) 44(6) 41(5) –20(5) 
Al 320(20) 270(20) 360(30) 50(20) 10(20) 50(20) 
Br1 343(9) 740(10) 370(10) 101(9) 6(9) 10(10) 
Br2 750(10) 416(9) 420(9) 135(8) –70(10) –100(10) 
Br3 560(10) 460(10) 510(10) 158(9) –160(10) –6(8) 
Br4 700(10) 342(9) 870(20) –58(9) 50(10) 150(10) 
 
 
  
9 Supporting Information 
 
 
174 
 
 
Supporting Table 7. Interatomic distances d (/ pm) in [Bi4Te4](AlBr4)4 at 296(1) K 
and calculated bond valences ν. The bond valences ν are calculated according to Brese 
and O’Keeffe:[240] ν = exp[(Rij – dij)/b] with b = 37 pm, RBiBr = 262 pm, RBiTe = 287 pm, 
and RAlBr = 220 pm. 
Atom pair d ν 
Bi Te  294.6(2) 0.81 
 Te‘ 294.9(2) 0.81 
 Te‘‘ 302.8(2) 0.65 
 
Br1  313.4(2) 0.25 
 Br3 327.8(2) 0.17 
 Br2 332.4(2) 0.15 
   Σν = 2.84 
    
Te Bi 294.6(2) 0.81 
 Bi‘ 294.9(2) 0.81 
 Bi‘‘ 302.8(2) 0.65 
   Σν = 2.27 
    
Br1 Al 233.1(5) 0.70 
 Bi 313.4(2) 0.25 
   Σν = 0.95 
    
Br2 Al 229.6(5) 0.77 
 Bi 332.4(2) 0.15 
   Σν = 0.92 
    
Br3 Al 228.4(5) 0.80 
 Bi 327.8(2) 0.17 
   Σν = 0.97 
    
Br4 Al 225.3(5) 0.87 
    
Al Br4 225.3(5) 0.87 
 Br3 228.4(5) 0.80 
 Br2 229.6(5) 0.77 
 Br1 233.1(5) 0.70 
   Σν = 3.14 
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Supporting Table 8. Coordinates and equivalent displacement parameters Ueq (/ pm2) 
for the atoms in [Bi6Te4Br2](AlBr4)4 at 296(1) K. All atoms reside on Wyckoff positions 
2i. Ueq is defined as one-third of the trace of the orthogonalized tensor Uij. 
Atom x y z Ueq 
Bi1 0.23547(5) –0.00473(4) 0.29996(3) 347(1) 
Bi2 0.58664(5) 0.13733(4) 0.28266(4) 398(1) 
Bi3 0.51049(5) 0.33047(4) 0.37244(3) 347(1) 
Bi4 0.77199(4) 0.47485(4) 0.25508(3) 326(1) 
Bi5 0.23797(5) 0.13371(4) 0.09786(3) 352(1) 
Bi6 0.44953(5) 0.31817(4) 0.08015(3) 327(1) 
Te1 0.25288(7) 0.23398(6) 0.27960(5) 289(2) 
Te2 0.35683(8) –0.02236(6) 0.15823(6) 388(2) 
Te3 0.63937(8) 0.22665(6) 0.13667(6) 346(2) 
Te4 0.53436(7) 0.48282(6) 0.25557(5) 291(2) 
Br1 0.4404(1) 0.0733(1) 0.4281(1) 486(4) 
Br2 0.8002(1) 0.4081(1) 0.40296(9) 447(3) 
Al1 0.8695(3) 0.0311(3) 0.1635(3) 368(9) 
Br3 0.8977(2) 0.1404(1) 0.3005(1) 689(5) 
Br4 0.9282(2) 0.1436(1) 0.0760(1) 598(4) 
Br5 0.6691(1) –0.0755(1) 0.0981(1) 471(4) 
Br6 0.9687(1) –0.1015(1) 0.1595(1) 569(4) 
Al2 0.7976(4) 0.3555(3) 0.6522(3) 390(10) 
Br7 0.9531(1) 0.5250(1) 0.6839(1) 679(5) 
Br8 0.6333(1) 0.4054(1) 0.6159(1) 633(4) 
Br9 0.8153(2) 0.2861(1) 0.7750(1) 703(6) 
Br10 0.7811(2) 0.2076(1) 0.5363(1) 719(5) 
Al3 0.2385(4) 0.1973(3) 0.5682(3) 384(9) 
Br11 0.3153(1) 0.3478(1) 0.51308(9) 463(3) 
Br12 0.1219(2) 0.2553(1) 0.6462(1) 757(6) 
Br13 0.1174(1) 0.0429(1) 0.4476(1) 469(3) 
Br14 0.3783(2) 0.1505(2) 0.6591(1) 789(5) 
Al4 0.2515(3) 0.5198(3) 0.0132(3) 354(9) 
Br15 0.4187(1) 0.6720(1) 0.0984(1) 525(4) 
Br16 0.1089(2) 0.5749(2) –0.0609(1) 731(5) 
Br17 0.1984(1) 0.3995(1) 0.0992(1) 457(4) 
Br18 0.3027(1) 0.4092(1) –0.09546(9) 478(4) 
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Supporting Table 9. Anisotropic displacement parameters Uij (/ pm2) for the atoms in 
[Bi6Te4Br2](AlBr4)4 at 296(1) K. The exponent of the anisotropic displacement factor 
takes the form: –2π2[h2a*2U11 + ... + 2hka*b*U12]. 
Atom U11 U22 U33 U12 U13 U23 
Bi1 335(3) 303(2) 419(3) 92(2) 151(3) 125(2) 
Bi2 369(3) 437(3) 545(3) 215(2) 210(3) 297(3) 
Bi3 339(3) 391(3) 269(3) 62(2) 102(3) 85(2) 
Bi4 293(3) 332(2) 379(3) 101(2) 125(3) 144(2) 
Bi5 343(3) 370(3) 285(3) 104(2) 64(3) 39(2) 
Bi6 411(3) 336(2) 276(3) 161(2) 112(3) 129(2) 
Te1 303(5) 277(4) 304(5) 115(3) 116(4) 71(3) 
Te2 481(6) 269(4) 484(6) 155(4) 247(5) 101(4) 
Te3 422(6) 317(4) 420(5) 196(4) 235(5) 139(4) 
Te4 307(5) 258(3) 324(5) 114(3) 118(4) 72(3) 
Br1 372(8) 666(9) 501(9) 171(7) 118(8) 383(8) 
Br2 364(8) 634(8) 405(9) 198(7) 115(7) 256(7) 
Al1 280(20) 230(20) 510(30) 70(20) 70(20) 20(20) 
Br3 630(10) 720(10) 500(10) 232(9) 57(9) –133(8) 
Br4 580(10) 432(8) 780(10) 98(7) 250(10) 254(8) 
Br5 311(8) 374(7) 560(10) 24(6) 110(7) –61(6) 
Br6 460(10) 397(7) 820(10) 215(7) 121(9) 109(7) 
Al2 350(20) 370(20) 570(30) 180(20) 250(20) 230(20) 
Br7 378(9) 577(9) 1130(20) 106(7) 240(10) 440(10) 
Br8 440(10) 730(10) 760(10) 322(8) 170(9) 130(9) 
Br9 1210(20) 432(8) 630(10) 330(10) 420(10) 293(8) 
Br10 1000(20) 607(9) 710(10) 470(10) 330(10) 156(8) 
Al3 410(30) 360(20) 300(20) 30(20) 130(20) 50(20) 
Br11 510(9) 385(7) 434(9) 64(6) 188(8) 69(6) 
Br12 680(10) 501(8) 860(10) –123(8) 520(10) –191(8) 
Br13 417(9) 387(7) 474(9) 8(6) 190(8) –33(6) 
Br14 830(10) 770(10) 630(10) 200(10) –20(10) 320(10) 
Al4 290(20) 400(20) 440(30) 140(20) 110(20) 230(20) 
Br15 454(9) 455(7) 570(10) 26(7) 208(8) 72(7) 
Br16 510(10) 1000(10) 1050(20) 460(10) 320(10) 720(10) 
Br17 498(9) 452(7) 630(10) 237(7) 305(9) 357(7) 
Br18 660(10) 463(7) 423(9) 271(8) 213(9) 196(6) 
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Supporting Table 10. Interatomic distances d (/ pm) with focus on bismuth and 
tellurium atoms in [Bi6Te4Br2](AlBr4)4 at 296(1) K and calculated bond valences ν. The 
bond valences ν are calculated according to Brese and O’Keeffe:[240] ν = exp[(Rij − dij)/b] 
with b = 37 pm, RBiBi = 298 pm, RBiBr = 262 pm, and RBiTe = 287 pm.[a] 
Atom pair d ν  Atom pair d ν 
Bi1 Br1  263.9(2) 0.95  Bi2 Te2  293.1(2) 0.85 
 Te1  300.19(9) 0.70   Te3  293.19(9) 0.85 
 Te2  304.66(9) 0.62   Bi3  306.78(7) 0.79 
 Br13  314.6(2) 0.24   Br1  338.7(2) 0.13 
 Br6  325.5(2) 0.18   Br2  347.6(2) 0.10 
 Br9  329.8(2) 0.16   Br3  379.3(2) 0.04 
 
  
Σν = 2.85     Σν = 2.76 
 
   
     
Bi3 Te4  292.89(9) 0.85  Bi4 Br2  265.5(2) 0.91 
 Te1  295.2(2) 0.80   Te4  298.4(2) 0.74 
 Bi2  306.78(7) 0.79   Te3  303.9(2) 0.63 
 Br2  333.3(2) 0.15   Br12  315.8(2) 0.23 
 Br1  342.1(2) 0.11   Br18  325.7(2) 0.18 
 Br8  368.4(2) 0.06   Br7  331.3(2) 0.15 
 Br11  373.3(2) 0.05   Br16  381.1(2) 0.04 
 Br11  380.0(2) 0.04       Σν = 2.88 
    
 
Σν = 2.85      
 
   
     
Bi5 Te1  290.72(9) 0.90  Bi6 Te4  290.9(2) 0.90 
 Te2  292.2(2) 0.87   Te3  292.4(2) 0.86 
 Bi6  307.57(8) 0.77   Bi6  307.57(8) 0.77 
 Br17  347.4(2) 0.10   Br5  341.8(2) 0.12 
 Br5  365.0(2) 0.06   Br18  354.1(2) 0.08 
 Br4  367.4(2) 0.06   Br17  360.5(2) 0.07 
 Br4  381.6(2) 0.04   Br15  366.0(2) 0.06 
 
  
Σν = 2.80   Br18 379.8(2) 0.04 
 
   
 
   Σν = 2.90 
 
[a] Evaluation of the bond valence parameter RBiBi based on the structure of elemental 
bismuth:[241] 
a = 454.6(2) pm, c = 1186.2(6) pm, R3m (no. 166), Bi: x = y = 0, z = 0.23389(2) 
Bi–Bi: d(1) = 307.1 pm and d(2) = 352.9 pm lead to RBiBi = 298 pm according to Brese 
and O’Keeffe.[240] 
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Supporting Table 11. Interatomic distances d (/ pm) with focus on aluminum atoms in 
[Bi6Te4Br2](AlBr4)4 at 296(1) K and calculated bond valences ν. The bond valences ν are 
calculated according to Brese and O’Keeffe:[240] ν = exp[(Rij − dij)/b] with b = 37 pm and 
RAlBr = 220 pm. 
Atom pair d ν  Atom pair d ν 
Al1 Br3  225.6(4) 0.86  Al2 Br8  227.2(4) 0.82 
 Br4  227.7(4) 0.81   Br10  228.7(4) 0.79 
 Br5  231.9(4) 0.72   Br7  228.7(4) 0.79 
 Br6  232.2(3) 0.72   Br9  230.0(4) 0.76 
   Σν = 3.11     Σν = 3.16 
         
Al3 Br14  227.2(5) 0.82  Al4 Br16  223.7(4) 0.90 
 Br11  229.1(4) 0.78   Br15  227.3(4) 0.82 
 Br13  229.2(4) 0.78   Br17  230.1(3) 0.76 
 Br12  231.5(4) 0.73   Br18  234.8(4) 0.67 
    
 Σν = 3.11       Σν = 3.15 
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Supporting Table 12. Interatomic distances d (/ pm) with focus on bromine atoms in 
[Bi6Te4Br2](AlBr4)4 at 296(1) K and calculated bond valences ν. The bond valences ν are 
calculated according to Brese and O’Keeffe:[240] ν = exp[(Rij − dij)/b] with b = 37 pm, 
RBiBr = 262 pm, and RAlBr = 220 pm. 
Atom pair d ν  Atom pair d ν 
Br1  Bi1  263.9(2) 0.95  Br2  Bi4  265.5(2) 0.91 
 Bi2  338.7(2) 0.13   Bi3  333.3(2) 0.15 
 Bi3  342.1(2) 0.11   Bi2  347.6(2) 0.10 
 
  
Σν = 1.19     Σν = 1.15 
 
   
     
Br3  Al1  225.6(4) 0.86  Br4 Al1  227.7(4) 0.81 
 Bi2  379.3(2) 0.04   Bi5  367.4(2) 0.06 
 
  
Σν = 0.90   Bi5  381.6(2) 0.04 
 
   
 
   Σν = 0.91 
 
   
     
Br5  Al1  231.9(4) 0.72  Br6  Al1  232.2(3) 0.72 
 Bi5  365.0(2) 0.06   Bi1  325.5(2) 0.18 
 
  
Σν = 0.78     Σν = 0.90 
 
   
     
Br7 Al2  228.7(4) 0.79  Br8  Al2  227.2(4) 0.82 
 Bi4  331.3(2) 0.15   Bi3  368.4(2) 0.06 
   Σν = 0.94     Σν = 0.88 
 
   
     
Br9  Al2  230.0(4) 0.76  Br10  Al2  228.7(4) 0.79 
 Bi1  329.8(2) 0.16      
 
  
Σν = 0.92      
 
   
     
Br11 Al3  229.1(4) 0.78  Br12  Al3  231.5(4) 0.73 
 Bi3  373.3(2) 0.05   Bi4  315.8(2) 0.23 
 Bi3  380.0(2) 0.04     Σν = 0.96 
 
  
Σν = 0.87      
 
   
     
Br13  Al3  229.2(4) 0.78  Br14  Al3  227.2(5) 0.82 
 Bi1  314.6(2) 0.24      
 
  
Σν = 1.02      
 
   
     
Br15  Al4  227.3(4) 0.82  Br16  Al4  223.7(4) 0.90 
 Bi6  366.0(2) 0.06   Bi4  381.1(2) 0.04 
 
  
Σν = 0.88     Σν = 0.94 
 
   
     
Br17  Al4  230.1(3) 0.76  Br18  Al4  234.8(4) 0.67 
 Bi6  360.5(2) 0.07   Bi4  325.7(2) 0.18 
 
  
Σν = 0.83   Bi6  354.1(2) 0.08 
      Bi6  379.8(2) 0.04 
    
 
   Σν = 0.97 
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Supporting Figure 24.  
Powder X-ray diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of 
[Bi4Te4](AlBr4)2(Al2Br7). The maximum of the background scattering at about 20° is 
evoked by the glass capillary. 
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Supporting Figure 25.  
Powder X-ray diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of [Bi4Te4](AlBr4)3. The 
maximum of the background scattering at about 20° is evoked by the glass capillary. 
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Supporting Table 13. Coordinates and equivalent displacement parameters Ueq (/ pm2) 
for the atoms in [Bi4Te4](AlBr4)2(Al2Br7) at 296(1) K. All atoms reside on Wyckoff 
positions 8b, except for Br7 that resides on 4a. Ueq is defined as one-third of the trace of 
the orthogonalized tensor Uij. 
Atom x y z Ueq 
Bi1 0.63515(5) 0.44422(5) 0.17953(2) 501(2) 
Bi2 0.29544(5) 0.45712(5) 0.22556(2) 455(2) 
Te1 0.45544(9) 0.63341(8) 0.18133(3) 467(2) 
Te2 0.48501(9) 0.27354(8) 0.22851(4) 471(3) 
Al1 0.4672(3) 0.1764(4) 0.0778(2) 380(10) 
Al2 0.4856(3) 0.7131(4) 0.0211(2) 430(10) 
Br1 0.3919(2) 0.3509(1) 0.10512(6) 581(4) 
Br2 0.4142(2) 0.1575(2) 0.00093(6) 567(4) 
Br3 0.3981(2) 0.0199(1) 0.11834(6) 586(4) 
Br4 0.6669(1) 0.1897(2) 0.08561(7) 738(6) 
Br5 0.3191(1) 0.6934(2) 0.06138(6) 635(5) 
Br6 0.6373(2) 0.7586(2) 0.06911(7) 765(6) 
Br7 0.5150(2) 0.5150(2) 0 812(8) 
Br8 0.4693(2) 0.8297(2) –0.04224(7) 729(6) 
 
Supporting Table 14. Anisotropic displacement parameters Uij (/ pm2) for the atoms in 
[Bi4Te4](AlBr4)2(Al2Br7) at 296(1) K. The exponent of the anisotropic displacement 
factor takes the form: –2π2[h2a*2U11 + ... + 2hka*b*U12]. 
Atom U11 U22 U33 U12 U13 U23 
Bi1 489(3) 540(4) 472(4) 72(3) 36(3) –149(3) 
Bi2 375(3) 438(3) 552(4) –3(2) –144(3) –36(3) 
Te1 565(6) 434(5) 403(6) 52(5) –32(5) 17(5) 
Te2 506(6) 335(5) 571(6) 39(4) –168(5) –71(5) 
Al1 380(20) 420(20) 340(20) –40(20) 20(20) –40(20) 
Al2 350(20) 420(20) 500(30) 10(20) –10(20) 10(20) 
Br1 810(10) 482(9) 449(9) 95(8) 14(9) –70(7) 
Br2 680(10) 680(10) 340(8) –153(8) –48(8) –27(8) 
Br3 710(10) 530(10) 520(10) –87(8) –32(9) 105(8) 
Br4 419(9) 940(10) 850(10) –49(9) –67(9) –100(10) 
Br5 469(9) 690(10) 750(10) 97(8) 78(9) 120(10) 
Br6 580(10) 910(10) 800(10) –250(10) –170(10) 40(10) 
Br7 640(10) 640(10) 1160(20) 20(10) 110(10) –110(10) 
Br8 750(10) 680(10) 760(10) 20(10) –20(10) 280(10) 
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Supporting Table 15. Selected interatomic distances d (/ pm) in 
[Bi4Te4](AlBr4)2(Al2Br7) at 296(1) K. 
Atom pair d  Atom pair d 
Bi1 Te2 293.8(2)  Bi2 Te1 295.3(2) 
 Te1 296.9(2)   Te1 298.9(2) 
 Te2 294.1(2)   Te2 300.4(2) 
       
 Br6 334.2(2)   Br2 336.7(2) 
 Br4 361.4(2)   Br5 343.8(2) 
 Br1 364.8(2)   Br3 354.3(2) 
 Br4 396.5(2)   Br1 380.9(2) 
 
  
  Br8 384.8(2) 
 
  
    
Al1 Br3  226.5(4)  Al2 Br5  222.8(5) 
 Br4  228.8(4)   Br8  225.0(5) 
 Br2  228.8(4)   Br6  226.5(5) 
 Br1  229.8(4)   Br7  235.7(4) 
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Supporting Table 16. Coordinates and equivalent displacement parameters Ueq (/ pm2) 
for the atoms in [Bi4Te4](AlBr4)3 at 296(1) K. All atoms reside on Wyckoff positions 4a. 
Ueq is defined as one-third of the trace of the orthogonalized tensor Uij. 
Atom x y z Ueq 
Bi1 0.78938(7) 0.50260(8) 0.37880(6) 426(3) 
Bi2 0.53416(8) 0.37654(6) 0.49668(7) 390(3) 
Bi3 0.52354(8) 0.62452(7) 0.49271(7) 428(3) 
Bi4 0.76459(8) 0.50313(7) 0.63370(6) 372(3) 
Te1 0.5353(1) 0.4982(1) 0.3662(1) 404(5) 
Te2 0.7878(1) 0.3773(1) 0.5077(1) 422(5) 
Te3 0.7762(2) 0.6278(1) 0.5082(1) 452(5) 
Te4 0.5098(1) 0.5025(1) 0.6242(1) 358(4) 
Al1 0.1402(6) 0.6273(5) 0.6253(6) 360(20) 
Al2 0.1639(5) 0.3740(5) 0.3762(5) 310(20) 
Al3 0.3818(6) 0.7628(4) 0.2532(4) 280(20) 
Br1 0.0087(3) 0.7286(2) 0.6344(2) 505(9) 
Br2 0.2383(2) 0.6412(2) 0.5043(2) 570(8) 
Br3 0.0496(3) 0.5069(2) 0.6255(3) 670(10) 
Br4 0.2669(3) 0.6332(2) 0.7324(2) 560(10) 
Br5 0.2540(2) 0.3679(2) 0.4991(2) 610(9) 
Br6 0.2976(2) 0.3571(2) 0.2732(2) 502(8) 
Br7 0.0273(3) 0.2768(2) 0.3691(2) 519(9) 
Br8 0.0782(3) 0.4941(2) 0.3565(3) 620(10) 
Br9 0.4891(3) 0.7681(2) 0.1353(2) 523(9) 
Br10 0.2369(3) 0.8540(2) 0.2462(2) 520(10) 
Br11 0.3045(3) 0.6392(2) 0.2707(2) 520(8) 
Br12 0.4978(2) 0.7885(2) 0.3631(2) 505(9) 
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Supporting Table 17. Anisotropic displacement parameters Uij (/ pm2) for the atoms in 
[Bi4Te4](AlBr4)3 at 296(1) K. The exponent of the anisotropic displacement factor takes 
the form: –2π2[h2a*2U11 + ... + 2hka*b*U12]. 
Atom U11 U22 U33 U12 U13 U23 
Bi1 341(5) 705(9) 233(6) –19(6) 53(4) 30(7) 
Bi2 407(5) 335(6) 427(8) –84(5) 20(6) –17(7) 
Bi3 501(6) 371(7) 412(8) 110(5) –24(6) 39(6) 
Bi4 389(5) 552(7) 176(5) –24(6) –54(5) 17(7) 
Te1 359(8) 710(10) 141(8) –30(10) –63(7) 0(10) 
Te2 421(9) 410(10) 440(10) 153(8) –30(10) 0(10) 
Te3 520(10) 430(10) 400(10) –218(9) –60(10) 60(10) 
Te4 375(8) 550(10) 149(8) 26(9) 68(7) 0(10) 
Al1 350(40) 430(50) 300(40) 20(30) –10(40) 70(40) 
Al2 310(30) 340(50) 280(50) 10(30) 20(30) 10(40) 
Al3 380(50) 340(40) 140(40) 20(30) 60(30) –80(30) 
Br1 520(20) 560(20) 440(20) 180(10) –110(20) –50(20) 
Br2 510(20) 840(20) 360(20) –20(10) 40(20) 60(20) 
Br3 480(10) 490(20) 1040(30) –90(20) 150(20) 80(20) 
Br4 520(20) 710(30) 440(20) 110(20) –180(10) 110(20) 
Br5 460(20) 1070(30) 300(20) –20(20) –80(20) 50(20) 
Br6 540(20) 520(20) 440(20) 10(20) 200(20) 50(20) 
Br7 580(20) 590(20) 390(20) –270(10) 0(20) 40(20) 
Br8 490(20) 470(20) 910(30) 90(20) 20(20) 110(20) 
Br9 620(20) 700(30) 250(20) 10(20) 170(20) 0(20) 
Br10 520(20) 490(20) 550(20) 130(20) 10(10) –110(20) 
Br11 720(20) 350(20) 490(20) –110(20) 100(20) –80(10) 
Br12 530(20) 710(20) 270(20) –100(20) –30(20) –120(20) 
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Supporting Table 18. Selected interatomic distances d (/ pm) in [Bi4Te4](AlBr4)3 at 
296(1) K. 
Atom pair d  Atom pair d 
Bi1 Te1 298.6(2)  Bi2 Te1 296.7(2) 
 Te2 299.2(3)   Te2 297.8(2) 
 Te3 300.1(3)   Te4 299.8(2) 
       
 Br10 331.5(4)   Br5 328.6(3) 
 Br4 338.7(4)   Br7 333.3(4) 
 Br8 340.8(3)   Br9 335.1(4) 
       
Bi3 Te3 297.3(2)  Bi4 Te3 294.9(2) 
 Te1 298.0(2)   Te2 297.7(2) 
 Te4 298.8(2)   Te4 299.0(2) 
       
 Br2 336.0(3)   Br3 334.3(3) 
 Br1 340.5(4)   Br6 336.8(4) 
 Br12 350.7(4)   Br11 339.0(3) 
 
  
    
Al1 Br3 229.8(8)  Al2 Br5 227.4(8) 
 Br4 229.9(8)   Br8 229.1(8) 
 Br2 230.3(9)   Br7 229.9(8) 
 Br1 231.1(8)   Br6 231.9(8) 
       
Al3 Br12 229.6(8)     
 Br10 229.7(8)     
 Br11 229.8(8)     
 Br9 230.5(7)     
 
 
Supporting Table 19. Atom coordinates (/ pm) for the equilibrium geometries of 
[Bi4Te4]n+ (n = 2, 3, 4). The frequency analysis of the equilibrium geometries revealed 
only real frequencies. 
 [Bi4Te4]4+  [Bi4Te4]3+  [Bi4Te4]2+ 
Atom x y z  x y z  x y z 
Bi –71.88 201.00 –150.95  –84.91 –200.54 147.52  –62.89 175.83 –182.08 
Bi 201.00 71.88 150.95  84.91 200.54 147.52  175.83 62.89 182.08 
Bi 71.88 –201.00 –150.95  –188.45 109.15 –140.70  62.89 –175.83 –182.08 
Bi –201.00 –71.88 150.95  188.45 –109.15 –140.70  –175.83 –62.89 182.08 
Te –206.60 –73.88 –155.15  –96.53 –194.12 –149.70  –207.99 –74.39 –141.49 
Te –73.89 206.60 155.15  96.53 194.12 –149.70  –74.39 207.99 141.49 
Te 206.60 73.88 –155.15  –193.87 97.03 156.52  207.99 74.39 –141.49 
Te 73.89 –206.60 155.15  193.87 –97.03 156.52  74.39 –207.99 141.49 
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Supporting Figure 26.  
Powder X-ray diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of 
[Bi3S4AlCl][S(AlCl3)3]AlCl4 obtained from an IL-based reaction. The high intensities of 
the 00l reflections (see inset) due to a strong texture effect are cut off to achieve better 
visibility of the weaker reflections. The maximum of the background scattering at about 
20° is evoked by the glass capillary. 
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Supporting Figure 27.  
Powder X-ray diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of 
[Bi3S4AlCl][S(AlCl3)3]AlCl4 obtained from a solid-state reaction. Please note the absence 
of texture effects compared to Supporting Figure 26. The maximum of the background 
scattering at about 20° is evoked by the glass capillary. 
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Supporting Table 20. Coordinates and equivalent displacement parameters Ueq (/ pm2) 
for the atoms in [Bi3S4AlCl][S(AlCl3)3]AlCl4 at 296(1) K. All atoms reside on Wyckoff 
positions 2i. Ueq is defined as one-third of the trace of the orthogonalized tensor Uij. 
Atom x y z Ueq 
Bi1 0.24815(4) 0.19604(4) 0.24528(3) 314(1) 
Bi2 0.27994(4) 0.58169(4) 0.25216(3) 320(1) 
Bi3 –0.10445(4) 0.23292(4) 0.24805(3) 301(1) 
S1 0.1179(3) 0.3078(2) 0.1598(2) 272(6) 
S2 0.0371(3) 0.1396(2) 0.3381(2) 295(7) 
S3 0.3933(3) 0.4636(3) 0.3430(2) 330(7) 
S4 0.0709(3) 0.4966(2) 0.3475(2) 335(7) 
Al1 0.1836(3) 0.3844(3) 0.4062(2) 313(8) 
Cl1 0.2168(4) 0.4159(4) 0.5315(2) 750(10) 
S5 0.2332(3) 0.3855(2) 0.9060(2) 244(6) 
Al2 0.3401(3) 0.6098(3) 0.8645(2) 279(8) 
Cl2 0.5742(3) 0.7053(3) 0.8979(2) 426(8) 
Cl3 0.2627(3) 0.7462(3) 0.9215(2) 429(8) 
Cl4 0.2912(3) 0.5815(3) 0.7355(2) 476(8) 
Al3 –0.0141(3) 0.2542(3) 0.8569(2) 287(8) 
Cl5 –0.0899(3) 0.4064(3) 0.8913(2) 428(8) 
Cl6 –0.1126(3) 0.0676(3) 0.9145(2) 487(8) 
Cl7 –0.0671(3) 0.1794(3) 0.7280(2) 482(8) 
Al4 0.3338(3) 0.2515(3) 0.8502(2) 278(8) 
Cl8 0.2088(3) 0.0412(2) 0.8854(2) 432(8) 
Cl9 0.5607(3) 0.3612(3) 0.9036(2) 408(8) 
Cl10 0.3234(3) 0.2223(3) 0.7212(2) 455(8) 
Al5 0.5076(3) 0.0439(3) 0.3583(2) 299(8) 
Cl11 0.3978(3) 0.1606(3) 0.4011(2) 426(8) 
Cl12 0.4178(3) –0.1608(2) 0.4041(2) 410(7) 
Cl13 0.7420(3) 0.1790(3) 0.4029(2) 417(8) 
Cl14 0.4731(3) –0.0056(3) 0.2278(2) 489(8) 
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Supporting Table 21. Anisotropic displacement parameters Uij (/ pm2) for the atoms in 
[Bi3S4AlCl][S(AlCl3)3]AlCl4 at 296(1) K. The exponent of the anisotropic displacement 
factor takes the form: –2π2[h2a*2U11 + ... + 2hka*b*U12]. 
Atom U11 U22 U33 U12 U13 U23 
Bi1 353(3) 291(2) 350(3) 204(2) 71(2) 50(2) 
Bi2 325(3) 226(2) 366(3) 103(2) 62(2) 75(2) 
Bi3 245(2) 279(2) 359(3) 124(2) 21(2) 52(2) 
S1 260(10) 240(10) 300(20) 110(10) 40(10) 60(10) 
S2 330(20) 250(10) 310(20) 140(10) 60(10) 80(10) 
S3 230(10) 290(10) 440(20) 130(10) 20(10) 50(10) 
S4 320(20) 260(10) 420(20) 150(10) 70(10) 20(10) 
Al1 310(20) 290(20) 330(20) 140(10) 40(20) 80(20) 
Cl1 1000(30) 870(20) 340(20) 470(20) 20(20) 40(20) 
S5 210(10) 190(10) 320(20) 100(10) 40(10) 50(10) 
Al2 270(20) 230(10) 350(20) 130(10) 70(10) 80(10) 
Cl2 240(10) 450(10) 550(20) 120(10) 120(10) 220(10) 
Cl3 590(20) 390(10) 490(20) 360(10) 180(20) 120(10) 
Cl4 700(20) 470(10) 340(20) 360(10) 40(20) 70(10) 
Al3 200(20) 230(10) 410(20) 100(10) 30(10) 70(10) 
Cl5 380(20) 430(10) 540(20) 290(10) –10(10) 0(10) 
Cl6 370(20) 310(10) 660(20) 60(10) 70(20) 200(10) 
Cl7 440(20) 460(20) 450(20) 190(10) –10(10) 10(10) 
Al4 220(20) 200(10) 380(20) 90(10) 60(10) 30(10) 
Cl8 530(20) 210(10) 540(20) 160(10) 170(20) 110(10) 
Cl9 250(10) 500(20) 440(20) 180(10) 30(10) 40(10) 
Cl10 430(20) 550(20) 350(20) 240(10) 100(10) 40(10) 
Al5 270(20) 260(10) 380(20) 130(10) 60(20) 80(10) 
Cl11 460(20) 480(20) 440(20) 330(10) 40(10) 50(10) 
Cl12 530(20) 280(10) 390(20) 170(10) 70(10) 100(10) 
Cl13 260(20) 530(20) 390(20) 150(10) 40(10) 100(10) 
Cl14 580(20) 550(20) 330(20) 290(10) 50(10) 70(10) 
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Supporting Table 22. Interatomic distances d (/ pm) with focus on bismuth and sulfur 
atoms in [Bi3S4AlCl][S(AlCl3)3]AlCl4 at 296(1) K and calculated bond valences ν. The 
bond valences ν are calculated according to Brese and O’Keeffe:[240] ν = exp[(Rij − dij)/b] 
with b = 37 pm, RBiCl = 248 pm, RBiS = 255 pm, and RAlS = 213 pm. 
Atom pair d ν  Atom pair d ν 
Bi1  S2  263.9(3) 0.79  Bi2  S4  263.8(3) 0.79 
 S3  264.8(2) 0.77   S3  264.1(3) 0.78 
 S1  265.5(3) 0.75   S1  266.6(2) 0.73 
 Cl2  308.3(3) 0.20   Cl5  306.3(3) 0.21 
 Cl11  310.4(3) 0.19   Cl12  308.5(3) 0.19 
 Cl6  320.8(3) 0.14   Cl9  313.0(3) 0.17 
 Cl7  354.1(3) 0.06   Cl10  356.0(3) 0.05 
 
  
Σν = 2.90     Σν = 2.92 
 
   
     
Bi3  S2  263.8(3) 0.79      
 S4  265.8(2) 0.75      
 S1  266.3(2) 0.74      
 Cl8  302.8(2) 0.23      
 Cl13  308.7(3) 0.19      
 Cl3  326.7(3) 0.12      
 Cl4  336.4(3) 0.09      
 
  
Σν = 2.91      
 
   
     
S1 Bi1 265.5(3) 0.75  S2  Al1  230.2(4) 0.63 
 Bi3 266.3(2) 0.73   Bi3 263.8(3) 0.79 
 Bi2 266.6(2) 0.74   Bi1  263.9(3) 0.79 
   Σν = 2.22     Σν = 2.21 
         
S3  Al1  230.5(4) 0.62  S4  Al1  229.7(4) 0.64 
 Bi2  264.1(3) 0.78   Bi2  263.8(3) 0.79 
 Bi1  264.8(2) 0.77   Bi3  265.8(2) 0.75 
 
  
Σν = 2.17     Σν = 2.18 
 
   
     
S5  Al3  226.7(4) 0.69  S5 as Cl Al3  226.7(4) 0.53 
 Al4  226.8(4) 0.69   Al4  226.8(4) 0.53 
 Al2  228.5(4) 0.66   Al2  228.5(4) 0.50 
 
  
Σν = 2.04     Σν = 1.56 
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Supporting Table 23. Interatomic distances d (/ pm) with focus on aluminum and 
chlorine atoms in [Bi3S4AlCl][S(AlCl3)3]AlCl4 at 296(1) K and calculated bond valences 
ν. The bond valences ν are calculated according to Brese and O’Keeffe:[240] 
ν = exp[(Rij − dij)/b] with b = 37 pm, RBiCl = 248 pm, RAlS = 213 pm, and RAlCl = 203 pm. 
Atom pair d ν  Atom pair d ν 
Al1  Cl1  204.0(5) 0.97  Al2  Cl3  210.7(4) 0.81 
 S4  229.7(4) 0.64   Cl4  211.7(4) 0.79 
 S2  230.2(4) 0.63   Cl2  213.1(4) 0.76 
 S3  230.5(4) 0.62   l2  228.5(4) 0.66 
 
  
Σν = 2.86     Σν = 3.02 
 
   
     
Al3  Cl7  211.3(4) 0.80  Al4  Cl10  211.0(4) 0.81 
 Cl6  211.4(4) 0.80   Cl9  211.7(4) 0.79 
 Cl5  213.1(4) 0.76   Cl8  212.9(4) 0.77 
 Al3  226.7(4) 0.69   S5  226.8(4) 0.69 
 
  
Σν = 3.05     Σν = 3.06 
 
   
     
Al5 Cl14  212.2(4) 0.78      
 Cl11  213.3(4) 0.76      
 Cl13  214.4(4) 0.73      
 Cl12  215.3(4) 0.72      
 
  
Σν = 2.99      
         
Cl1 Al1 204.0(5) 0.97  Cl2  Al2  213.1(4) 0.76 
      Bi1  308.3(3) 0.20 
Cl3  Al2 210.7(4) 0.81     Σν = 0.96 
 Bi3 326.7(3) 0.12      
   Σν = 0.93  Cl4  Al2 211.7(4) 0.79 
      Bi3 336.4(3) 0.09 
Cl5  Al3 213.1(4) 0.76     Σν = 0.88 
 Bi2 306.3(3) 0.21      
   Σν = 0.97  Cl6  Al3 211.4(4) 0.80 
      Bi1 320.8(3) 0.14 
Cl7  Al3 211.3(4) 0.80     Σν = 0.94 
 Bi1 354.1(3) 0.06      
   Σν = 0.86  Cl8  Al4 212.9(4) 0.77 
      Bi3 302.8(2) 0.23 
Cl9  Al4 211.7(4) 0.79     Σν = 1.00 
 Bi2 313.0(3) 0.17      
   Σν = 0.96  Cl10  Al4  211.0(4) 0.81 
      Bi2  356.0(3) 0.05 
Cl11  Al5  213.3(4) 0.76     Σν = 0.86 
 Bi1  310.4(3) 0.19      
   Σν = 0.95  Cl12  Al5  215.3(4) 0.72 
      Bi2  308.5(3) 0.19 
Cl13  Al5  214.4(4) 0.73     Σν = 0.91 
 Bi3  308.7(3) 0.19      
   Σν = 0.94  Cl14  Al5  212.2(4) 0.78 
  
9 Supporting Information 
 
 
193 
 
 
Supporting Table 24. Bond energies (/ eV), zero-point vibrational energies (ZPVE) 
(/ eV), and atom coordinates (/ pm) for the equilibrium geometry of [S(AlCl3)3]2– in 
comparison to the measured geometry. The frequency analysis of the equilibrium 
geometry revealed only real frequencies. 
 [S(AlCl3)3]2– as measured  [S(AlCl3)3]2– optimized 
Atom x y z  x y z 
S 472.54 529.88 152.88  472.85 527.57 184.37 
Al 472.77 311.39 220.42  476.78 299.24 231.29 
Al 292.57 633.81 243.82  276.18 637.10 245.03 
Al 657.30 633.42 232.61  669.14 641.93 236.69 
Cl 630.00 205.76 127.44  590.46 202.25 73.24 
Cl 281.57 234.96 165.80  272.51 227.24 223.02 
Cl 496.20 294.97 429.78  563.66 253.13 424.10 
Cl 117.72 551.27 156.70  126.30 589.86 94.66 
Cl 275.24 618.10 453.51  204.35 581.38 441.45 
Cl 317.89 837.22 186.12  315.40 850.16 238.27 
Cl 661.13 659.21 442.14  667.93 726.90 435.76 
Cl 818.94 505.90 176.53  833.53 502.06 216.83 
Cl 669.74 822.37 139.14  694.43 799.18 88.57 
        
   bond energy: –53.510 
   ZPVE: 0.448 
 
  
9 Supporting Information 
 
 
194 
 
 
Supporting Table 25. Bond energies (/ eV), zero-point vibrational energies (ZPVE, 
imaginary frequencies were excluded from the summation) (/ eV), and atom coordinates 
(/ pm) for equilibrium geometries of [Cl(AlCl3)3]–. The frequency analysis of the 
equilibrium geometry revealed only real frequencies in the case of the hypothetical 
[Cl(AlCl3)3]– ion starting from a planar coordination of the central chlorine atom and 
“staggered” orientation of the AlCl3 groups. In the case of the geometry retrieved by 
optimization of the experimental coordinates of [S(AlCl3)3]2–, imaginary frequencies 
occurred, thus the geometry corresponds to a saddle point on the potential energy surface. 
 [Cl(AlCl3)3]– optimized, saddle point  [Cl(AlCl3)3]– optimized, local minimum 
Atom x y z  x y z 
Cl 473.73 526.46 218.94  470.80 526.00 240.67 
Al 478.30 278.83 233.50  468.75 278.25 232.71 
Al 258.18 645.94 247.92  257.19 651.65 249.17 
Al 685.87 653.26 240.81  686.55 648.17 239.72 
Cl 582.37 227.38 56.00  564.88 237.73 48.24 
Cl 271.18 234.12 232.43  260.53 239.39 236.89 
Cl 578.30 243.40 416.85  574.11 226.25 409.06 
Cl 150.65 582.79 76.43  161.70 591.47 69.81 
Cl 189.27 575.60 435.47  171.59 583.54 430.68 
Cl 322.65 847.75 243.88  327.93 851.34 251.50 
Cl 667.16 743.79 431.43  679.22 754.52 422.88 
Cl 828.42 497.10 226.72  824.23 487.26 233.61 
Cl 677.45 781.72 72.31  673.30 762.73 61.95 
        
 bond energy: –50.784  bond energy: –50.783 
 ZPVE: 0.437  ZPVE: 0.439 
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Supporting Figure 28.  
Powder X-ray diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of 
[Sb13Se16](AlCl4)6(Al2Cl7). Owing to the low yield and the narrow temperature region in 
which the title compound is thermodynamically stable, the starting materials as well as 
the decomposition product are strongly visible. The maximum of the background 
scattering at about 20° is evoked by the glass capillary. 
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Supporting Table 26. Coordinates and equivalent displacement parameters Ueq (/ pm2) 
for the atoms in [Sb13Se16](AlCl4)6(Al2Cl7) at 296(1) K. All atoms reside on Wyckoff 
positions 4e. Ueq is defined as one-third of the trace of the orthogonalized tensor Uij. 
Atom x y z Ueq 
Sb1 0.40717(6) –0.04135(2) 0.16892(3) 412(2) 
Sb2 0.67714(6) 0.02041(3) 0.16872(3) 401(2) 
Sb3 0.51789(7) 0.05644(3) 0.27850(3) 506(2) 
Sb4 0.37404(6) 0.10191(2) 0.13235(3) 354(2) 
Sb5 0.12034(6) 0.15403(3) 0.18051(3) 411(2) 
Sb6 0.14340(6) 0.17904(2) 0.03235(3) 356(2) 
Sb7 0.37070(5) 0.24251(2) 0.16240(3) 329(2) 
Sb8 0.66208(6) 0.29093(3) 0.26316(3) 379(2) 
Sb9 0.46767(6) 0.37896(2) 0.18486(3) 399(2) 
Sb10 0.61990(6) 0.29872(2) 0.09686(3) 348(2) 
Sb11 0.47484(6) 0.34825(3) –0.05464(3) 462(2) 
Sb12 0.78954(6) 0.36407(2) –0.01116(3) 379(2) 
Sb13 0.67323(6) 0.24515(3) –0.05341(3) 427(2) 
Se1 0.49035(9) 0.00145(4) 0.09485(5) 395(3) 
Se2 0.60465(9) –0.02286(4) 0.25277(5) 463(3) 
Se3 0.32385(9) 0.03483(4) 0.20706(5) 374(3) 
Se4 0.60828(9) 0.10084(4) 0.20625(5) 465(3) 
Se5 0.34885(8) 0.15485(4) 0.21895(4) 333(2) 
Se6 0.13790(9) 0.10132(4) 0.09270(5) 404(3) 
Se7 0.09503(9) 0.22639(4) 0.11462(5) 416(3) 
Se8 0.36417(8) 0.19181(3) 0.07076(4) 329(2) 
Se9 0.59009(8) 0.22773(3) 0.18361(4) 333(2) 
Se10 0.46406(9) 0.32096(4) 0.26629(5) 444(3) 
Se11 0.68278(9) 0.36038(4) 0.19094(4) 377(3) 
Se12 0.40899(8) 0.32138(3) 0.09466(4) 336(2) 
Se13 0.61777(9) 0.38212(4) 0.03746(4) 385(3) 
Se14 0.64437(9) 0.32968(4) –0.10356(4) 398(3) 
Se15 0.82967(9) 0.28122(4) 0.02844(5) 433(3) 
Se16 0.49422(9) 0.26314(4) –0.01331(4) 417(3) 
Al1 0.0694(3) –0.0505(1) 0.1287(2) 527(9) 
Cl1 0.2001(2) –0.0300(1) 0.0831(1) 550(8) 
Cl2 0.1631(4) –0.0692(2) 0.2118(2) 1040(20) 
Cl3 –0.0245(3) –0.1068(1) 0.0873(2) 910(10) 
Cl4 –0.0271(5) 0.0090(2) 0.1345(3) 1290(20) 
Al2 –0.0072(3) 0.0596(1) 0.3211(2) 525(9) 
Cl5 0.1399(3) 0.0707(2) 0.2911(2) 970(10) 
Cl6 –0.0941(3) –0.0032(2) 0.2895(2) 930(10) 
Cl7 0.0446(3) 0.0554(1) 0.4130(1) 710(10) 
Cl8 –0.1152(3) 0.1185(1) 0.3035(2) 860(10) 
Al3 0.7677(3) 0.1252(1) 0.0638(1) 395(8) 
Cl9 0.6841(3) 0.0611(1) 0.0447(1) 730(10) 
Cl10 0.8636(2) 0.1226(1) 0.1507(1) 593(8) 
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Cl11 0.8633(3) 0.1462(1) 0.0049(1) 658(9) 
Cl12 0.6461(3) 0.1801(1) 0.0594(2) 820(10) 
Al4 0.5316(3) 0.2056(1) 0.4024(1) 478(9) 
Cl13 0.6230(3) 0.2018(1) 0.3370(2) 780(10) 
Cl14 0.4315(3) 0.1432(1) 0.3933(1) 574(8) 
Cl15 0.6456(3) 0.2101(1) 0.4847(1) 648(9) 
Cl16 0.4207(3) 0.2643(1) 0.3914(2) 800(10) 
Al5 0.0034(3) 0.2761(1) 0.2637(1) 412(8) 
Cl17 –0.1209(2) 0.2552(1) 0.1896(1) 617(9) 
Cl18 0.1635(2) 0.2433(1) 0.2665(1) 652(9) 
Cl19 –0.0553(2) 0.2521(1) 0.3358(1) 557(8) 
Cl20 0.0132(4) 0.3493(1) 0.2649(2) 970(10) 
Al6 0.8419(3) 0.3771(1) 0.4141(1) 381(8) 
Cl21 0.7574(2) 0.31155(9) 0.4122(1) 451(7) 
Cl22 1.0181(3) 0.3678(1) 0.4171(1) 583(8) 
Cl23 0.8221(3) 0.4161(1) 0.4869(1) 565(8) 
Cl24 0.7623(3) 0.4118(1) 0.3352(1) 540(8) 
Al7 0.0824(3) 0.4071(1) 0.1204(2) 465(9) 
Al8 0.2153(3) 0.4514(2) –0.0028(2) 690(10) 
Cl25 0.1961(3) 0.3540(1) 0.1594(2) 710(10) 
Cl26 –0.0868(2) 0.3873(1) 0.1167(1) 616(9) 
Cl27 0.1248(3) 0.4737(1) 0.1545(2) 910(10) 
Cl28 0.0883(3) 0.4064(1) 0.0280(1) 574(8) 
Cl29 0.3690(3) 0.4414(1) 0.0556(2) 870(10) 
Cl30 0.2160(4) 0.4191(3) –0.0838(2) 1380(20) 
Cl31 0.1531(4) 0.5182(2) –0.0086(4) 1720(30) 
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Supporting Table 27. Anisotropic displacement parameters Uij (/ pm2) for the atoms in 
[Sb13Se16](AlCl4)6(Al2Cl7) at 296(1) K. The exponent of the anisotropic displacement 
factor takes the form: –2π2[h2a*2U11 + ... + 2hka*b*U12]. 
Atom U11 U22 U33 U12 U13 U23 
Sb1 391(4) 333(4) 536(5) 3(3) 155(3) 59(3) 
Sb2 266(4) 443(4) 505(5) 42(3) 116(3) 67(4) 
Sb3 494(5) 643(5) 370(4) 32(4) 82(3) –55(4) 
Sb4 317(4) 352(4) 395(4) 28(3) 91(3) 17(3) 
Sb5 279(4) 608(5) 367(4) –44(4) 117(3) 64(4) 
Sb6 334(4) 432(4) 290(4) –26(3) 56(3) 3(3) 
Sb7 309(4) 350(4) 349(4) –42(3) 116(3) –28(3) 
Sb8 350(4) 482(4) 281(4) –14(3) 29(3) 0(3) 
Sb9 446(4) 345(4) 408(4) 28(3) 109(3) –29(3) 
Sb10 337(4) 432(4) 296(4) –24(3) 115(3) 2(3) 
Sb11 321(4) 601(5) 441(4) –3(4) 48(3) 89(4) 
Sb12 355(4) 427(4) 373(4) –104(3) 125(3) –31(3) 
Sb13 496(5) 400(4) 389(4) –31(4) 116(3) –64(3) 
Se1 366(6) 449(6) 375(6) 10(5) 98(5) 27(5) 
Se2 395(6) 550(7) 449(7) 126(6) 112(5) 171(6) 
Se3 326(6) 382(6) 447(6) 28(5) 155(5) 50(5) 
Se4 309(6) 418(6) 655(8) –38(5) 91(5) –51(6) 
Se5 300(5) 376(6) 323(6) –19(5) 77(4) 15(5) 
Se6 331(6) 392(6) 463(7) –73(5) 45(5) 18(5) 
Se7 379(6) 490(7) 379(6) 99(5) 91(5) –21(5) 
Se8 326(5) 374(6) 313(6) –67(5) 129(4) –24(5) 
Se9 324(6) 329(6) 351(6) 13(5) 89(5) 5(5) 
Se10 489(7) 531(7) 368(6) 48(6) 211(5) –10(5) 
Se11 367(6) 438(6) 325(6) –106(5) 80(5) –36(5) 
Se12 318(5) 363(6) 320(6) –5(5) 60(5) 23(5) 
Se13 421(6) 411(6) 349(6) 11(5) 142(5) 14(5) 
Se14 439(6) 474(7) 281(6) –75(5) 84(5) 21(5) 
Se15 370(6) 495(7) 408(6) 19(5) 40(5) 17(5) 
Se16 466(6) 479(7) 325(6) –165(6) 135(5) –31(5) 
Al1 460(20) 570(20) 580(20) –110(20) 160(20) 10(20) 
Cl1 470(20) 720(20) 490(20) –110(20) 170(10) –20(20) 
Cl2 960(30) 1380(40) 710(30) –620(30) 70(20) 300(30) 
Cl3 740(20) 1070(30) 990(30) –460(20) 370(20) –480(30) 
Cl4 1460(40) 800(30) 2000(60) 300(30) 1160(40) 200(30) 
Al2 490(20) 660(20) 420(20) 10(20) 110(20) –140(20) 
Cl5 880(30) 1010(30) 1200(30) 50(20) 620(30) –90(30) 
Cl6 830(30) 940(30) 930(30) –330(20) 10(20) –260(20) 
Cl7 1010(30) 560(20) 460(20) 130(20) –30(20) –60(20) 
Cl8 780(20) 1100(30) 580(20) 310(20) –70(20) –40(20) 
Al3 360(20) 420(20) 440(20) –10(20) 160(10) 0(20) 
Cl9 900(20) 670(20) 570(20) –370(20) 100(20) 10(20) 
Cl10 440(20) 880(20) 440(20) –90(20) 60(10) 10(20) 
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Cl11 560(20) 920(20) 540(20) –170(20) 210(20) 50(20) 
Cl12 810(20) 910(30) 720(20) 420(20) 170(20) –80(20) 
Al4 480(20) 590(20) 380(20) –90(20) 130(20) 80(20) 
Cl13 1030(30) 830(20) 650(20) –200(20) 520(20) 30(20) 
Cl14 570(20) 710(20) 470(20) –210(20) 180(10) –40(20) 
Cl15 760(20) 620(20) 460(20) –140(20) –70(20) 30(20) 
Cl16 870(30) 810(20) 740(20) 160(20) 230(20) 270(20) 
Al5 400(20) 490(20) 350(20) 80(20) 110(10) –40(20) 
Cl17 410(20) 990(20) 420(20) 60(20) 40(10) –110(20) 
Cl18 380(20) 1070(30) 510(20) 160(20) 110(10) –110(20) 
Cl19 510(20) 790(20) 410(20) 180(20) 180(10) 120(20) 
Cl20 1730(40) 560(20) 690(20) –110(30) 450(30) –110(20) 
Al6 460(20) 430(20) 250(20) –20(20) 90(10) –20(10) 
Cl21 510(20) 410(10) 460(20) –10(10) 170(10) 0(10) 
Cl22 490(20) 650(20) 620(20) –30(20) 160(10) –30(20) 
Cl23 770(20) 600(20) 340(10) 0(20) 140(10) –100(10) 
Cl24 660(20) 580(20) 340(20) –100(20) 40(10) 80(10) 
Al7 310(20) 590(20) 470(20) 20(20) 50(20) –160(20) 
Al8 390(20) 680(30) 970(30) 20(20) 110(20) 280(20) 
Cl25 440(20) 850(20) 820(20) 190(20) 140(20) 80(20) 
Cl26 350(10) 1040(30) 440(20) –20(20) 60(10) 0(20) 
Cl27 890(30) 800(20) 1000(30) –120(20) 120(20) –500(20) 
Cl28 560(20) 690(20) 510(20) –170(20) 210(10) –150(20) 
Cl29 530(20) 580(20) 1340(30) 30(20) –80(20) 240(20) 
Cl30 910(30) 2440(70) 890(30) –160(40) 410(30) 30(40) 
Cl31 740(30) 610(30) 3600(100) 130(20) 20(40) 620(40) 
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Supporting Table 28. Interatomic distances d (/ pm) with focus on antimony atoms in 
[Sb13Se16](AlCl4)6(Al2Cl7) at 296(1) K and calculated bond valences ν. The bond valences 
ν are calculated according to Brese and O’Keeffe:[240] ν = exp[(Rij − dij)/b] with 
b = 37 pm, RSbCl = 235 pm, and RSbSe = 257 pm. 
Atom pair d ν  Atom pair d ν 
Sb1 Se1 255.7(2) 1.04  Sb2 Se1 257.9(2) 0.98 
 Se3 265.7(2) 0.79   Se4 267.9(2) 0.75 
 Se2 278.7(2) 0.56   Se2 268.9(2) 0.73 
 Cl1 286.0(3) 0.25   Cl24 320.2(3) 0.10 
 Cl2 344.9(4) 0.05   Cl9 321.9(3) 0.10 
 Cl20 354.0(4) 0.04   Cl6 356.6(4) 0.04 
 Cl22 357.1(3) 0.04   Cl10 378.5(3) 0.02 
 
  
Σν = 2.77   Cl4 387.8(5) 0.02 
 
   
 
   Σν = 2.74 
 
   
     
Sb3 Se4 259.6(2) 0.93  Sb4 Se5 265.0(2) 0.81 
 Se3 263.3(2) 0.84   Se6 279.2(2) 0.55 
 Se2 263.7(2) 0.83   Se3 279.3(2) 0.55 
 Cl27 353.9(4) 0.04   Se8 295.8(2) 0.35 
 Se5 357.6(2) 0.07   Se4 296.8(2) 0.34 
 Cl30 366.1(5) 0.03   Se1 341.8(2) 0.10 
 
  
Σν = 2.74   Cl23 343.8(3) 0.05 
 
   
 
   Σν = 2.75 
 
   
     
Sb5 Se7 258.1(2) 0.97  Sb6 Se7 257.7(2) 0.98 
 Se6 264.3(2) 0.82   Se8 263.9(2) 0.83 
 Se5 270.2(2) 0.70   Se6 266.6(2) 0.77 
 Cl10 315.4(3) 0.11   Cl15 337.9(3) 0.06 
 Cl18 325.0(3) 0.09   Cl11 343.1(3) 0.05 
 Cl5 353.6(5) 0.04   Cl21 349.4(3) 0.05 
 
  
Σν = 2.73   Cl3 355.6(3) 0.04 
 
   
  Cl23 379.9(3) 0.02 
    
 
   Σν = 2.80 
 
   
     
Sb7 Se9 262.0(2) 0.87  Sb8 Se10 256.7(2) 1.01 
 Se8 262.2(2) 0.87   Se9 262.6(2) 0.86 
 Se12 288.5(2) 0.43   Se11 269.0(2) 0.72 
 Se5 289.7(2) 0.41   Cl13 320.6(4) 0.10 
 Se7 329.6(2) 0.14   Cl21 354.0(3) 0.04 
 Se10 334.8(2) 0.12   Cl19 362.8(3) 0.03 
 Cl25 382.1(3) 0.02   Cl17 364.7(3) 0.03 
 Cl18 394.4(3) 0.01   Cl24 393.1(3) 0.01 
 
  
Σν = 2.87     Σν = 2.80 
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Sb9 Se10 257.4(2) 0.99  Sb10 Se12 262.6(2) 0.86 
 Se11 263.0(2) 0.85   Se13 277.9(2) 0.57 
 Se12 268.0(2) 0.74   Se11 282.6(2) 0.50 
 Cl25 328.0(3) 0.08   Se16 290.5(2) 0.40 
 Cl29 353.5(4) 0.04   Se9 299.4(2) 0.32 
 Cl2 357.2(4) 0.04   Se15 337.8(2) 0.11 
 Cl6 369.8(4) 0.03   Cl12 354.9(4) 0.04 
 
  
Σν = 2.77   Cl17 361.2(3) 0.03 
 
   
 
   Σν = 2.83 
         
Sb11 Se16 262.2(2) 0.87  Sb12 Se15 256.0(2) 1.03 
 Se13 264.7(2) 0.81   Se13 266.9(2) 0.76 
 Se14 265.3(2) 0.80   Se14 267.0(2) 0.76 
 Cl7 304.2(3) 0.15   Cl26 315.1(3) 0.11 
 Cl8 345.5(3) 0.05   Cl14 318.6(3) 0.10 
 Cl30 366.1(6) 0.03   Cl31 345.3(5) 0.05 
 Cl19 385.5(3) 0.02   Cl28 372.1(3) 0.02 
 Se12 393.1(2) 0.01   Cl7 385.7(3) 0.02 
 
  
Σν = 2.74     Σν = 2.85 
 
   
     
Sb13 Se15 259.8(2) 0.93      
 Se16 262.6(2) 0.86      
 Se14 269.0(2) 0.72      
 Cl19 335.3(3) 0.07      
 Cl12 336.8(4) 0.06      
 Cl16 356.7(4) 0.04      
 Cl11 370.8(4) 0.03      
 Cl22 372.3(3) 0.02      
 
  
Σν = 2.73      
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Supporting Table 29. Interatomic distances d (/ pm) with focus on selenium atoms in 
[Sb13Se16](AlCl4)6(Al2Cl7) at 296(1) K and calculated bond valences ν. The bond valences 
ν are calculated according to Brese and O’Keeffe:[240] ν = exp[(Rij − dij)/b] with b = 37 pm 
and RSbSe = 257 pm. 
Atom pair d ν  Atom pair d ν 
Se1 Sb1 255.7(2) 1.04  Se2 Sb3 263.7(2) 0.83 
 Sb2 257.9(2) 0.98   Sb2 268.9(2) 0.73 
 Sb4 341.8(2) 0.10   Sb1 278.7(2) 0.56 
 
  
Σν = 2.12     Σν = 2.12 
 
   
     
Se3 Sb3 263.3(2) 0.84  Se4 Sb3 259.6(2) 0.93 
 Sb1 265.7(2) 0.79   Sb2 267.9(2) 0.75 
 Sb4 279.3(2) 0.55   Sb4 296.8(2) 0.34 
   Σν = 2.18     Σν = 2.02 
 
   
     
Se5 Sb4 265.0(2) 0.81  Se6 Sb5 264.3(2) 0.82 
 Sb5 270.2(2) 0.70   Sb6 266.6(2) 0.77 
 Sb7 289.7(2) 0.41   Sb4 279.2(2) 0.55 
 Sb3 357.6(2) 0.07     Σν = 2.14 
 
  
Σν = 1.99      
         
Se7 Sb6 257.7(2) 0.98  Se8 Sb7 262.2(2) 0.87 
 Sb5 258.1(2) 0.97   Sb6 263.9(2) 0.83 
 Sb7 329.6(2) 0.14   Sb4 295.8(2) 0.35 
 
  
Σν = 2.09     Σν = 2.05 
 
   
     
Se9 Sb7 262.0(2) 0.87  Se10 Sb8 256.7(2) 1.01 
 Sb8 262.6(2) 0.86   Sb9 257.4(2) 0.99 
 Sb10 299.4(2) 0.32   Sb7 334.8(2) 0.12 
   Σν = 2.05     Σν = 2.12 
 
   
     
Se11 Sb9 263.0(2) 0.85  Se12 Sb10 262.6(2) 0.86 
 Sb8 269.0(2) 0.72   Sb9 268.0(2) 0.74 
 Sb10 282.6(2) 0.50   Sb7 288.5(2) 0.43 
   Σν = 2.07   Sb11 393.1(2) 0.03 
 
   
    Σν = 2.06 
 
   
     
Se13 Sb11 264.7(2) 0.81  Se14 Sb11 265.3(2) 0.80 
 Sb12 266.9(2) 0.76   Sb12 267.0(2) 0.76 
 Sb10 277.9(2) 0.57   Sb13 269.0(2) 0.72 
 
  
Σν = 2.14     Σν = 2.28 
 
   
     
Se15 Sb12 256.0(2) 1.03  Se16 Sb11 262.2(2) 0.87 
 Sb13 259.8(2) 0.93   Sb13 262.6(2) 0.86 
 Sb10 337.8(2) 0.11   Sb10 290.5(2) 0.40 
 
  
Σν = 2.07     Σν = 2.13 
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Supporting Table 30. Interatomic distances d (/ pm) with focus on aluminum atoms in 
[Sb13Se16](AlCl4)6(Al2Cl7) at 296(1) K and calculated bond valences ν. The bond valences 
ν are calculated according to Brese and O’Keeffe:[240] ν = exp[(Rij − dij)/b] with b = 37 pm 
and RAlCl = 203 pm. 
Atom pair d ν  Atom pair d ν 
Al1 Cl3  208.4(5) 0.86  Al2 Cl5  210.0(5) 0.83 
 Cl4  208.9(6) 0.85   Cl8  211.7(5) 0.79 
 Cl2  211.7(5) 0.79   Cl6  212.9(5) 0.77 
 Cl1  220.9(5) 0.62   Cl7  215.0(5) 0.72 
 
  
Σν = 3.12     Σν = 3.11 
 
   
     
Al3 Cl9  209.4(4) 0.84  Al4 Cl15  212.8(4) 0.77 
 Cl11  211.8(5) 0.79   Cl16  213.0(5) 0.76 
 Cl10  213.4(4) 0.75   Cl13  213.1(5) 0.76 
 Cl12  214.0(5) 0.74   Cl14  214.3(5) 0.74 
 
  
Σν = 3.12     Σν = 3.03 
 
   
     
Al5 Cl20  210.0(5) 0.83  Al6 Cl21  213.3(4) 0.76 
 Cl17  212.5(4) 0.77   Cl23  213.4(4) 0.75 
 Cl19  213.6(5) 0.75   Cl22  213.7(4) 0.75 
 Cl18  214.1(4) 0.74   Cl24  215.5(4) 0.71 
 
  
Σν = 3.09     Σν = 2.97 
 
   
     
Al7 Cl27  209.1(5) 0.85  Al8 Cl31  204.8(6) 0.95 
 Cl26  210.9(4) 0.81   Cl29  206.7(5) 0.90 
 Cl25  211.6(5) 0.79   Cl30  215.6(8) 0.71 
 Cl28  223.7(5) 0.57   Cl28  226.3(5) 0.53 
 
  
Σν = 3.02     Σν = 3.09 
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Supporting Table 31. Interatomic distances d (/ pm) with focus on chlorine atoms in 
[Sb13Se16](AlCl4)6(Al2Cl7) at 296(1) K and calculated bond valences ν. The bond valences 
ν are calculated according to Brese and O’Keeffe:[240] ν = exp[(Rij − dij)/b] with 
b = 37 pm, RSbCl = 235 pm, and RAlCl = 203 pm. 
Atom pair d ν  Atom pair d ν 
Cl1 Al1 220.9(5) 0.62  Cl2 Al1 211.7(5) 0.79 
 Sb1 286.0(3) 0.25   Sb1 344.9(4) 0.05 
 
  
Σν = 0.87   Sb9 357.2(4) 0.04 
 
   
    Σν = 0.88 
 
   
     
Cl3 Al1 208.4(5) 0.86  Cl4 Al1 208.9(6) 0.85 
 Sb6 355.6(4) 0.04   Sb2 387.8(5) 0.02 
   Σν = 0.90     Σν = 0.87 
         
Cl5 Al2 210.0(5) 0.83  Cl6 Al2 212.9(5) 0.77 
 Sb5 353.6(5) 0.04   Sb2 356.6(4) 0.04 
   Σν = 0.87   Sb9 369.8(4) 0.03 
        Σν = 0.84 
         
Cl7 Al2 215.0(5) 0.72  Cl8 Al2 211.7(5) 0.79 
 Sb11 304.2(3) 0.15   Sb11 345.5(3) 0.05 
 Sb12 385.7(3) 0.02     Σν = 0.84 
   Σν = 0.89      
 
   
     
Cl9 Al3 209.4(4) 0.84  Cl10 Al3 213.4(4) 0.75 
 Sb2 321.9(3) 0.10   Sb5 315.4(3) 0.11 
 
  
Σν = 0.94   Sb2 378.5(3) 0.02 
 
   
    Σν = 0.88 
 
   
     
Cl11 Al3 211.8(5) 0.79  Cl12 Al3 214.0(5) 0.74 
 Sb6 343.1(3) 0.05   Sb13 336.8(4) 0.06 
 Sb13 370.8(4) 0.03   Sb10 354.9(4) 0.04 
   Σν = 0.87     Σν = 0.86 
 
   
     
Cl13 Al4 213.1(5) 0.76  Cl14 Al4 214.3(5) 0.74 
 Sb8 320.6(4) 0.10   Sb12 318.6(3) 0.10 
   Σν = 0.86     Σν = 0.84 
         
Cl15 Al4 212.8(4) 0.77  Cl16 Al4 213.0(5) 0.76 
 Sb6 337.9(3) 0.06   Sb13 356.7(4) 0.04 
   Σν = 0.83     Σν = 0.80 
         
Cl17 Al5 212.5(4) 0.77  Cl18 Al5 214.1(4) 0.74 
 Sb10 361.2(3) 0.03   Sb5 325.0(3) 0.09 
 Sb8 364.7(3) 0.03   Sb7 394.4(3) 0.01 
   Σν = 0.83     Σν = 0.84 
Cl19 Al5 213.6(5) 0.75  Cl20 Al5 210.0(5) 0.83 
9 Supporting Information 
 
 
205 
 
 
 Sb13 335.3(3) 0.07   Sb1 354.0(4) 0.04 
 Sb8 362.8(3) 0.03     Σν = 0.87 
 Sb11 385.5(3) 0.02      
   Σν = 0.87      
         
Cl21 Al6 213.3(4) 0.76  Cl22 Al6 213.7(4) 0.75 
 Sb6 349.4(3) 0.05   Sb1 357.1(3) 0.04 
 Sb8 354.0(3) 0.04   Sb13 372.3(3) 0.02 
   Σν = 0.85     Σν = 0.81 
         
Cl23 Al6 213.4(4) 0.75  Cl24 Al6 215.5(4) 0.71 
 Sb4 343.8(3) 0.05   Sb2 320.2(3) 0.10 
 Sb6 379.9(3) 0.02   Sb8 393.1(3) 0.01 
   Σν = 0.82     Σν = 0.82 
         
Cl25 Al7 211.6(5) 0.79  Cl26 Al7 210.9(4) 0.81 
 Sb9 328.0(3) 0.08   Sb12 315.1(3) 0.11 
 Sb7 382.1(3) 0.02     Σν = 0.92 
   Σν = 0.89      
         
Cl27 Al7 209.1(5) 0.85  Cl28 Al7 223.7(5) 0.57 
 Sb3 353.9(4) 0.04   Al8 226.3(5) 0.53 
   Σν = 0.89   Sb12 372.1(3) 0.02 
        Σν = 1.12 
 
   
     
Cl29 Al8 206.7(5) 0.90  Cl30 Al8 215.6(8) 0.71 
 Sb9 353.5(4) 0.04   Sb3 366.1(5) 0.03 
   Σν = 0.94   Sb11 366.1(6) 0.03 
        Σν = 0.77 
Cl31 Al8 204.8(6) 0.95      
 Sb12 345.3(5) 0.05      
 
  
Σν = 1.00      
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Supporting Figure 29.  
SEM image of an [Sb13Se16](AlCl4)6(Al2Cl7) crystal after EDX measurements 
(Ua = 10 kV; approx. 30 sec.; with opened (50 µm instead of 25 µm) objective lens 
aperture) with visible radiation damage. Note the formed craters at the measuring spots. 
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Supporting Figure 30.  
SEM image of an [Sb13Se16](AlCl4)6(Al2Cl7) crystal after EDX measurements 
(Ua = 10 kV; approx. 30 sec.; with opened (50 µm instead of 25 µm) objective lens 
aperture). The EDX mapping was performed at Ua = 20 kV and normal slit aperture. The 
insets on the right hand side of the mapping area show the depletion of chlorine (red, 
bottom) in comparison to the other three elements. 
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Supporting Figure 31. 
Powder X-ray diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of [Pt@Bi10](AlBr4)4. 
Please note the texture of the powder pattern, which intensifies all hk0 reflections (strong 
ones marked with a blue asterisk). The maximum of the background scattering at about 
20° is evoked by the glass capillary. 
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Supporting Table 32. Coordinates and equivalent displacement parameters Ueq (/ pm2) 
for the atoms in [Pt@Bi10](AlBr4)4 at 296(1) K. All atoms reside on Wyckoff positions 
8g. Ueq is defined as one-third of the trace of the orthogonalized tensor Uij. 
Atom x y z Ueq 
Pt1 0.15584(2) 0.40556(2) 0.4963(2) 277(2) 
Bi1 0.15950(4) 0.32944(3) 0.4783(2) 1016(6) 
Bi2 0.13436(5) 0.36618(5) 0.7089(2) 903(7) 
Bi3 0.09671(5) 0.43427(6) 0.6359(2) 906(7) 
Bi4 0.09940(5) 0.43943(6) 0.3592(2) 940(7) 
Bi5 0.13911(6) 0.37566(6) 0.2613(2) 921(6) 
Bi6 0.21142(5) 0.37049(6) 0.6338(2) 915(7) 
Bi7 0.17250(6) 0.43641(5) 0.7285(2) 876(6) 
Bi8 0.14987(4) 0.48170(3) 0.5134(3) 1023(5) 
Bi9 0.17693(6) 0.44537(5) 0.2853(2) 888(6) 
Bi10 0.21414(5) 0.37607(6) 0.3602(2) 994(8) 
Pt2 0.10037(2) 0.64730(2) –0.0071(1) 278(2) 
Bi11 0.04650(5) 0.60835(5) 0.1262(2) 754(6) 
Bi12 0.12288(5) 0.61734(5) 0.2200(2) 803(6) 
Bi13 0.17332(3) 0.62183(3) 0.0052(2) 742(3) 
Bi14 0.12836(5) 0.61419(5) –0.2214(2) 772(6) 
Bi15 0.04956(5) 0.60663(5) –0.1471(2) 756(6) 
Bi16 0.07265(5) 0.68034(5) 0.2085(1) 691(5) 
Bi17 0.15030(5) 0.68874(5) 0.1346(2) 701(6) 
Bi18 0.15367(5) 0.68684(5) –0.1415(2) 697(6) 
Bi19 0.07836(5) 0.67704(5) –0.2349(1) 687(5) 
Bi20 0.02831(3) 0.67480(3) –0.0198(2) 618(4) 
Al1 0.0478(2) 0.3186(2) 0.3240(8) 420(20) 
Br1 0.0011(1) 0.2840(1) 0.2991(5) 980(20) 
Br2 0.0960(1) 0.2845(1) 0.3144(4) 610(10) 
Br3 0.0499(1) 0.3588(1) 0.1747(4) 630(10) 
Br4 0.04841(8) 0.34863(8) 0.4946(5) 870(10) 
Al2 0.1902(2) 0.3071(2) 0.001(1) 550(20) 
Br5 0.1953(2) 0.2756(2) –0.1643(5) 1100(20) 
Br6 0.13543(7) 0.33175(9) –0.0040(5) 920(10) 
Br7 0.1916(2) 0.2761(1) 0.1700(5) 970(20) 
Br8 0.2288(1) 0.35083(9) 0.0065(7) 1210(10) 
Al3 0.2964(2) 0.4485(2) 0.6970(8) 430(20) 
Br9 0.2796(1) 0.4025(1) 0.8070(4) 550(10) 
Br10 0.27190(7) 0.44405(7) 0.5129(5) 677(9) 
Br11 0.3553(1) 0.4513(1) 0.6746(4) 570(10) 
Br12 0.2757(1) 0.4984(1) 0.7792(4) 910(20) 
Al4 0.0567(2) 0.4650(2) –0.002(1) 370(20) 
Br13 0.0254(1) 0.4534(1) 0.1635(3) 520(10) 
Br14 0.10759(6) 0.43431(6) 0.0009(5) 593(7) 
Br15 0.0261(1) 0.4507(1) –0.1671(3) 510(10) 
Br16 0.07051(7) 0.52330(6) –0.0066(4) 568(7) 
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Al5 0.0439(2) 0.5591(2) 0.494(1) 350(20) 
Br17 0.0689(1) 0.5350(1) 0.6580(3) 480(10) 
Br18 0.0674(1) 0.5356(1) 0.3289(3) 480(10) 
Br19 –0.01466(6) 0.55002(8) 0.5013(5) 708(8) 
Br20 0.05454(7) 0.61784(6) 0.4925(4) 594(8) 
Al6 0.1952(2) 0.5187(2) –0.005(1) 430(20) 
Br21 0.21205(6) 0.46185(5) 0.0014(4) 471(6) 
Br22 0.1614(1) 0.5290(1) 0.1603(3) 660(10) 
Br23 0.1620(1) 0.5263(1) –0.1722(3) 620(10) 
Br24 0.23773(6) 0.55978(6) –0.0072(5) 598(8) 
Al7 0.2064(2) 0.5780(2) 0.487(1) 410(20) 
Br25 0.14684(5) 0.57343(6) 0.4912(4) 477(7) 
Br26 0.22880(8) 0.52436(9) 0.4780(7) 1060(20) 
Br27 0.2232(1) 0.6039(1) 0.6588(4) 840(20) 
Br28 0.2224(1) 0.6075(1) 0.3236(4) 780(10) 
Al8 0.1864(2) 0.7197(2) 0.494(1) 380(20) 
Br29 0.14339(8) 0.67800(8) 0.4951(5) 870(10) 
Br30 0.23992(8) 0.69529(8) 0.4923(5) 810(9) 
Br31 0.1795(1) 0.7523(1) 0.3289(4) 670(10) 
Br32 0.1812(1) 0.7524(1) 0.6585(3) 640(10) 
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Supporting Table 33. Anisotropic displacement parameters Uij (/ pm2) for the atoms in 
[Pt@Bi10](AlBr4)4 at 296(1) K. The exponent of the anisotropic displacement factor takes 
the form: –2π2[h2a*2U11 + ... + 2hka*b*U12]. 
Atom U11 U22 U33 U12 U13 U23 
Pt1 288(5) 278(5) 265(6) 10(4) 9(8) –5(8) 
Bi1 1190(10) 345(7) 1520(20) –133(7) –170(20) –110(10) 
Bi2 910(10) 1060(10) 740(10) –310(10) –10(10) 510(10) 
Bi3 610(10) 1240(20) 860(10) 230(10) 310(10) –110(10) 
Bi4 700(10) 1270(20) 850(10) 300(10) –250(10) 310(10) 
Bi5 1070(10) 1220(20) 480(10) –330(10) –40(10) –340(10) 
Bi6 570(10) 1000(20) 1180(20) 190(10) –330(10) 190(10) 
Bi7 1060(10) 1070(10) 500(10) –220(10) –130(10) –310(10) 
Bi8 1520(10) 305(6) 1240(20) 24(7) 140(20) –80(10) 
Bi9 1070(10) 980(10) 620(10) –260(10) 220(10) 310(10) 
Bi10 580(10) 1130(20) 1270(20) 110(10) 430(10) –290(10) 
Pt2 248(5) 286(5) 299(6) –4(4) 3(8) –1(8) 
Bi11 670(10) 700(10) 900(10) –210(10) 190(10) 290(10) 
Bi12 850(10) 890(10) 670(10) 160(10) –130(10) 380(10) 
Bi13 432(6) 747(8) 1050(10) 262(6) –50(10) 0(10) 
Bi14 890(10) 780(10) 650(10) 190(10) 150(10) –330(10) 
Bi15 770(10) 660(10) 840(10) –210(10) –230(10) –260(10) 
Bi16 790(10) 840(10) 450(10) 201(9) 93(8) –184(8) 
Bi17 660(10) 680(10) 760(10) –170(10) –220(10) –160(10) 
Bi18 610(10) 710(10) 760(10) –210(10) 220(10) 170(10) 
Bi19 780(10) 870(10) 410(10) 100(10) –59(8) 180(9) 
Bi20 379(6) 787(8) 690(10) 212(6) –5(8) 43(9) 
Al1 390(50) 410(50) 470(60) 90(40) –60(40) 150(50) 
Br1 580(30) 980(30) 1370(40) –330(30) –420(30) 690(30) 
Br2 530(30) 550(30) 760(30) 150(20) –140(20) –90(20) 
Br3 650(30) 560(30) 670(30) –100(20) –140(20) 230(20) 
Br4 1000(20) 1000(20) 620(20) 290(20) –10(40) –140(40) 
Al2 690(50) 470(50) 480(50) –60(40) 20(90) –110(80) 
Br5 970(40) 1120(50) 1230(50) –380(30) 520(40) –640(40) 
Br6 740(20) 1360(30) 640(20) 150(20) –70(30) –120(40) 
Br7 1060(40) 930(40) 910(40) –270(30) –130(30) 260(30) 
Br8 1320(30) 1180(30) 1150(30) –860(20) 90(50) –90(50) 
Al3 420(50) 400(50) 480(60) 0(40) 120(50) 110(40) 
Br9 500(20) 480(20) 660(30) –60(20) 0(20) 210(20) 
Br10 680(20) 680(20) 680(30) 30(20) –150(30) 140(30) 
Br11 480(30) 610(30) 610(30) –70(20) 70(20) 180(20) 
Br12 1220(40) 440(30) 1070(40) 30(30) 690(30) 10(30) 
Al4 400(40) 370(40) 350(50) 40(30) –80(70) 30(70) 
Br13 570(30) 550(30) 450(20) –30(20) 140(20) 30(20) 
Br14 500(20) 740(20) 540(20) 190(10) –10(30) 50(30) 
Br15 490(30) 630(30) 420(20) 10(20) –110(20) –70(20) 
Br16 750(20) 460(10) 490(20) –60(10) –60(30) 10(30) 
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Al5 360(40) 460(40) 230(40) 0(30) –30(60) –100(70) 
Br17 560(30) 570(30) 310(20) 30(20) –60(20) 40(20) 
Br18 590(30) 540(30) 320(20) 0(20) 60(20) –70(20) 
Br19 320(10) 1140(20) 660(20) –10(10) 0(30) 10(40) 
Br20 820(20) 490(20) 470(20) 50(10) –30(30) 10(30) 
Al6 590(50) 240(40) 450(50) 80(30) 0(80) –30(70) 
Br21 530(10) 380(10) 500(20) 30(10) 40(30) 20(30) 
Br22 900(30) 570(30) 500(30) 110(30) 170(20) –40(20) 
Br23 780(30) 560(30) 530(30) 130(20) –160(20) 10(20) 
Br24 580(20) 390(10) 830(20) 30(10) 20(30) –30(30) 
Al7 290(40) 520(40) 410(60) –90(30) 40(60) –30(60) 
Br25 320(10) 510(10) 610(20) 0(10) 0(20) 50(30) 
Br26 590(20) 730(20) 1850(60) 300(20) –100(30) –90(40) 
Br27 830(30) 1150(40) 520(30) –420(30) –150(20) –60(30) 
Br28 790(30) 1000(40) 540(30) –370(30) 90(20) 80(20) 
Al8 500(40) 330(40) 300(50) 50(30) 20(70) –80(70) 
Br29 1040(20) 920(20) 660(20) –520(20) 0(40) 0(40) 
Br30 760(20) 960(20) 710(20) 430(20) 30(30) –40(30) 
Br31 1170(40) 410(30) 440(30) 40(30) –270(20) 110(20) 
Br32 1080(40) 470(30) 370(20) 40(30) 150(20) –60(20) 
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Supporting Table 34. Coordinates and equivalent displacement parameters Ueq (/ pm2) 
for the atoms in [Pt@Bi10](AlBr4)4 at 150(2) K. All atoms reside on Wyckoff positions 
4h. Ueq is defined as one-third of the trace of the orthogonalized tensor Uij. Atoms sorted 
according to the phase transition. Atom names refer to the room temperature phase. Each 
atom group is followed by their former symmetrically equivalent atom group (removed 
inversion center). 
Atom x y z Ueq 
Pt1 0.40492(3) –0.34618(3) –0.2502(1) 96(3) 
Bi1 0.40493(4) –0.42314(4) –0.2665(1) 339(4) 
Bi2 0.38215(5) –0.38422(5) –0.0345(1) 351(4) 
Bi3 0.34663(4) –0.31432(5) –0.1111(1) 323(4) 
Bi4 0.34907(4) –0.31008(5) –0.3877(1) 346(4) 
Bi5 0.38657(5) –0.37638(5) –0.4859(1) 353(4) 
Bi6 0.45992(4) –0.38358(5) –0.1137(1) 339(4) 
Bi7 0.42305(5) –0.31495(5) –0.0178(1) 345(4) 
Bi8 0.40292(4) –0.26892(4) –0.2356(1) 333(4) 
Bi9 0.42732(5) –0.30735(4) –0.4642(1) 337(4) 
Bi10 0.46260(4) –0.37891(5) –0.3873(1) 357(4) 
Pt3 0.09357(3) –0.15345(3) –0.2301(1) 111(3) 
Bi21 0.14703(4) –0.19726(4) –0.1068(1) 266(4) 
Bi22 0.13920(4) –0.19778(4) –0.3819(1) 287(4) 
Bi23 0.16720(3) –0.13230(4) –0.2560(1) 229(3) 
Bi24 0.11188(4) –0.12423(4) –0.4636(1) 305(4) 
Bi25 0.12665(4) –0.12330(4) –0.0148(1) 264(4) 
Bi26 0.07367(4) –0.18352(4) 0.0070(1) 257(4) 
Bi27 0.03855(4) –0.10985(4) –0.3523(1) 317(4) 
Bi28 0.04886(4) –0.10841(4) –0.0779(1) 300(4) 
Bi29 0.05953(4) –0.18441(4) –0.4420(1) 278(4) 
Bi30 0.02033(4) –0.17461(4) –0.1974(1) 258(4) 
Pt2 0.35187(3) –0.10446(3) –0.7431(1) 104(3) 
Bi11 0.29833(5) –0.15055(4) –0.6269(1) 372(4) 
Bi12 0.37336(5) –0.13875(5) –0.5222(1) 424(5) 
Bi13 0.42687(4) –0.12545(4) –0.7270(2) 365(4) 
Bi14 0.38499(5) –0.13133(5) –0.9621(1) 354(4) 
Bi15 0.30673(4) –0.14599(5) –0.9027(1) 354(4) 
Bi16 0.31863(5) –0.07854(4) –0.5213(1) 344(4) 
Bi17 0.39653(5) –0.06291(5) –0.5835(2) 437(5) 
Bi18 0.40499(5) –0.05810(5) –0.8583(2) 433(5) 
Bi19 0.33032(5) –0.06996(5) –0.9639(1) 403(5) 
Bi20 0.27824(4) –0.08221(4) –0.7584(1) 272(3) 
Pt4 0.14855(3) –0.39798(3) 0.2436(1) 118(3) 
Bi31 0.20438(4) –0.36093(5) 0.1119(1) 367(4) 
Bi32 0.12854(5) –0.37056(5) 0.0056(1) 385(5) 
Bi33 0.07618(4) –0.37000(4) 0.2159(1) 325(4) 
Bi34 0.11866(5) –0.36009(5) 0.4475(1) 389(5) 
Bi35 0.19962(5) –0.35545(4) 0.3837(1) 372(4) 
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Bi36 0.17810(5) –0.43386(4) 0.0347(1) 332(4) 
Bi37 0.09848(4) –0.43999(4) 0.1004(1) 302(4) 
Bi38 0.09367(4) –0.43493(5) 0.3770(1) 341(4) 
Bi39 0.16799(4) –0.42408(5) 0.4814(1) 340(4) 
Bi40 0.22044(4) –0.42633(4) 0.2697(1) 263(3) 
Al1 0.2960(3) –0.4321(3) –0.4266(9) 220(30) 
Br1 0.2475(1) –0.4667(1) –0.4481(4) 430(10) 
Br2 0.3442(1) –0.4685(1) –0.4423(3) 252(9) 
Br3 0.2984(1) –0.3925(1) –0.5774(3) 230(9) 
Br4 0.2986(1) –0.4031(1) –0.2532(3) 341(9) 
Al9 0.2147(3) –0.0540(3) –0.0748(9) 210(30) 
Br33 0.2471(1) –0.0143(1) 0.0299(3) 262(9) 
Br34 0.1571(1) –0.0361(1) –0.0809(3) 224(9) 
Br35 0.2161(1) –0.1071(1) 0.0237(3) 320(10) 
Br36 0.2376(1) –0.0649(1) –0.2558(3) 307(9) 
Al2 0.4380(3) –0.4422(3) –0.7443(9) 170(20) 
Br5 0.4478(1) –0.4748(1) –0.9099(4) 420(10) 
Br6 0.38225(9) –0.4207(1) –0.7508(3) 264(8) 
Br7 0.4438(1) –0.4744(1) –0.5756(3) 380(10) 
Br8 0.4755(1) –0.3958(1) –0.7391(4) 390(10) 
Al10 0.0395(3) –0.0606(3) 0.2604(8) 170(20) 
Br37 0.0584(1) –0.11757(9) 0.2659(3) 293(9) 
Br38 –0.0196(1) –0.0602(1) 0.2367(3) 350(10) 
Br39 0.0654(1) –0.0342(1) 0.0977(3) 300(10) 
Br40 0.0572(1) –0.0338(1) 0.4298(3) 239(9) 
Al3 0.5430(3) –0.3012(3) –0.0583(8) 170(20) 
Br9 0.5278(1) –0.3491(1) 0.0515(3) 239(9) 
Br10 0.51807(9) –0.30550(9) –0.2420(3) 253(8) 
Br11 0.6029(1) –0.2979(1) –0.0781(3) 216(9) 
Br12 0.5222(1) –0.2524(1) 0.0327(4) 410(10) 
Al11 –0.0594(3) –0.1865(3) –0.4357(9) 230(30) 
Br41 –0.0381(1) –0.1507(1) –0.5776(3) 227(9) 
Br42 –0.0660(1) –0.1546(1) –0.2662(3) 370(10) 
Br43 –0.1133(1) –0.2099(1) –0.4746(3) 273(9) 
Br44 –0.02108(9) –0.2330(1) –0.4100(3) 252(9) 
Al4 0.3054(2) –0.2874(2) –0.7479(8) 90(20) 
Br13 0.2737(1) –0.2988(1) –0.5813(3) 194(8) 
Br14 0.35639(9) –0.32016(9) –0.7469(3) 229(8) 
Br15 0.2743(1) –0.3012(1) –0.9154(3) 205(9) 
Br16 0.32083(9) –0.23001(9) –0.7521(3) 230(8) 
Al12 0.1927(3) –0.2164(2) 0.2606(9) 140(20) 
Br45 0.2237(1) –0.2009(1) 0.0957(3) 280(10) 
Br46 0.1412(1) –0.1841(1) 0.2673(3) 330(10) 
Br47 0.2242(1) –0.2062(1) 0.4278(3) 236(9) 
Br48 0.17819(9) –0.27439(9) 0.2496(3) 228(8) 
Al5 0.2947(2) –0.1942(3) –0.2448(9) 150(20) 
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Br17 0.3190(1) –0.2198(1) –0.0835(3) 186(8) 
Br18 0.3182(1) –0.21802(9) –0.4137(3) 177(8) 
Br19 0.23519(9) –0.1996(1) –0.2446(3) 340(10) 
Br20 0.3078(1) –0.13512(9) –0.2413(3) 254(8) 
Al13 0.2044(3) –0.3102(3) –0.2468(9) 160(20) 
Br49 0.1779(1) –0.2872(1) –0.4124(3) 230(9) 
Br50 0.1778(1) –0.2877(1) –0.0833(3) 241(9) 
Br51 0.26275(9) –0.2980(1) –0.2477(3) 308(9) 
Br52 0.19815(9) –0.37051(9) –0.2484(3) 241(8) 
Al6 0.4416(3) –0.2330(3) –0.7529(8) 150(20) 
Br21 0.46018(8) –0.29008(8) –0.7457(3) 168(7) 
Br22 0.4095(1) –0.2234(1) –0.5821(3) 260(10) 
Br23 0.4086(1) –0.2248(1) –0.9194(3) 244(9) 
Br24 0.48476(9) –0.19137(9) –0.7547(3) 256(8) 
Al14 0.0535(3) –0.2667(3) 0.2714(9) 200(30) 
Br53 0.03199(9) –0.21053(9) 0.2721(3) 213(8) 
Br54 0.0874(1) –0.2740(1) 0.1067(3) 252(9) 
Br55 0.0873(1) –0.2726(1) 0.4401(3) 259(9) 
Br56 0.0104(1) –0.30825(9) 0.2734(3) 265(9) 
Al7 0.4568(2) –0.1676(3) –0.2530(9) 140(20) 
Br25 0.39685(8) –0.17605(8) –0.2461(3) 185(7) 
Br26 0.4806(1) –0.2224(1) –0.2661(4) 430(10) 
Br27 0.4729(1) –0.1416(1) –0.0806(3) 300(10) 
Br28 0.4724(1) –0.1372(1) –0.4168(3) 290(10) 
Al15 0.0504(3) –0.3194(2) –0.2373(8) 120(20) 
Br57 0.10162(9) –0.3494(1) –0.2636(3) 245(8) 
Br58 0.0644(1) –0.26175(9) –0.2263(3) 257(9) 
Br59 0.0137(1) –0.3306(1) –0.3923(3) 400(10) 
Br60 0.0256(1) –0.3388(1) –0.0636(3) 241(9) 
Al8 0.4333(3) –0.0303(2) –0.2412(9) 170(20) 
Br29 0.3930(1) –0.07482(9) –0.2436(3) 272(9) 
Br30 0.48916(9) –0.05006(9) –0.2442(3) 273(8) 
Br31 0.4218(1) 0.0032(1) –0.4073(3) 249(9) 
Br32 0.4241(1) 0.0029(1) –0.0758(3) 221(9) 
Al16 0.0636(2) –0.4708(3) –0.2569(8) 130(20) 
Br61 0.12061(9) –0.4509(1) –0.2528(3) 300(9) 
Br62 0.02689(9) –0.42334(9) –0.2605(3) 246(8) 
Br63 0.0549(1) –0.5026(1) –0.0885(3) 258(9) 
Br64 0.0553(1) –0.5041(1) –0.4210(3) 290(10) 
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Supporting Table 35. Anisotropic displacement parameters Uij (/ pm2) for the atoms in 
[Pt@Bi10](AlBr4)4 at 150(2) K. The exponent of the anisotropic displacement factor takes 
the form: –2π2[h2a*2U11 + ... + 2hka*b*U12]. Atoms sorted according to the phase 
transition. Atom names refer to the room temperature phase. Each atom group is followed 
by their former symmetrically equivalent atom group (removed inversion center). 
Atom U11 U22 U33 U12 U13 U23 
Pt1 93(7) 96(7) 100(5) 11(5) 1(6) 3(6) 
Bi1 390(10) 94(8) 530(10) –59(7) –32(8) –20(7) 
Bi2 380(10) 390(10) 285(8) –64(8) 63(7) 199(7) 
Bi3 230(10) 380(10) 362(8) 76(8) 148(7) –48(7) 
Bi4 240(10) 420(10) 374(9) 98(8) –133(7) 88(8) 
Bi5 440(10) 420(10) 200(7) –90(8) –41(7) –140(7) 
Bi6 200(10) 340(10) 477(9) 55(7) –146(8) 80(8) 
Bi7 410(10) 410(10) 216(7) –58(8) –80(7) –140(7) 
Bi8 460(10) 86(8) 459(9) –26(7) 34(8) –18(7) 
Bi9 430(10) 340(10) 244(7) –71(8) 117(7) 113(7) 
Bi10 220(10) 360(10) 490(10) 60(8) 180(8) –90(8) 
Pt3 99(7) 95(7) 140(6) –3(5) 1(5) 0(5) 
Bi21 250(10) 250(10) 297(8) 81(7) 1(7) 98(7) 
Bi22 300(10) 260(10) 296(8) 35(7) 69(7) –102(7) 
Bi23 148(8) 310(9) 231(7) –88(6) 18(7) 6(7) 
Bi24 360(10) 340(10) 215(7) –118(8) –27(7) 119(7) 
Bi25 270(10) 310(10) 210(7) –85(7) –8(6) –81(6) 
Bi26 260(10) 320(10) 195(7) –72(7) 41(6) 58(6) 
Bi27 290(10) 260(10) 406(9) 68(7) –117(7) 91(7) 
Bi28 260(10) 250(10) 388(8) 50(7) 73(7) –132(7) 
Bi29 290(10) 330(10) 220(7) –129(7) –51(6) –59(7) 
Bi30 159(9) 330(10) 284(7) –99(7) –1(6) –19(7) 
Pt2 113(7) 93(7) 106(6) –4(5) –1(6) 3(6) 
Bi11 410(10) 200(10) 510(10) –51(8) 251(8) 79(8) 
Bi12 610(10) 410(10) 256(8) 196(9) –109(8) 117(7) 
Bi13 131(9) 300(10) 660(10) 73(7) –62(8) –42(9) 
Bi14 410(10) 380(10) 267(8) 135(8) 160(7) –66(7) 
Bi15 310(10) 350(10) 402(9) 44(8) –165(8) –230(8) 
Bi16 460(10) 370(10) 203(7) 114(8) 39(7) –106(7) 
Bi17 360(10) 340(10) 600(10) –13(8) –223(9) –240(9) 
Bi18 400(10) 230(10) 670(10) –80(8) 272(9) 95(9) 
Bi19 540(10) 440(10) 227(8) 213(9) 48(8) 168(7) 
Bi20 137(8) 326(9) 354(8) 111(6) –27(7) –42(8) 
Pt4 105(7) 101(7) 149(6) 3(5) –11(6) –13(6) 
Bi31 270(10) 330(10) 500(10) –84(8) 69(8) 218(8) 
Bi32 410(10) 420(10) 326(9) 35(8) –95(8) 219(8) 
Bi33 194(9) 280(10) 500(10) 125(7) –78(7) –65(7) 
Bi34 460(10) 400(10) 302(8) 136(9) 10(8) –191(8) 
Bi35 400(10) 220(10) 490(10) –74(8) –203(8) –123(8) 
Bi36 360(10) 400(10) 235(7) 63(8) 72(7) –85(7) 
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Bi37 290(10) 210(10) 406(9) –51(7) –144(7) –79(7) 
Bi38 210(10) 390(10) 420(9) –54(8) 115(7) 95(8) 
Bi39 390(10) 440(10) 190(7) 40(8) –56(7) 90(7) 
Bi40 150(8) 266(9) 374(8) 62(6) –13(7) 40(7) 
Al1 200(70) 220(70) 260(60) –10(50) –130(50) 0(50) 
Br1 240(30) 460(30) 580(30) –160(20) –180(20) 340(20) 
Br2 240(20) 200(20) 320(20) 70(20) –110(20) –60(20) 
Br3 260(20) 180(20) 250(20) –20(20) –60(20) 70(20) 
Br4 340(20) 450(30) 240(20) 80(20) 20(20) –60(20) 
Al9 130(70) 140(70) 350(60) 0(50) –40(50) –50(50) 
Br33 250(20) 180(20) 350(20) –40(20) –120(20) –40(20) 
Br34 160(20) 270(20) 250(20) 50(20) –30(20) 10(20) 
Br35 240(30) 220(20) 510(20) –20(20) –190(20) 100(20) 
Br36 280(20) 280(20) 370(20) 70(20) 60(20) –60(20) 
Al2 130(60) 180(60) 200(50) –70(40) 20(50) 30(50) 
Br5 360(30) 390(30) 500(20) –90(20) 240(20) –200(20) 
Br6 260(20) 370(20) 160(20) 60(20) –40(20) –10(20) 
Br7 370(30) 310(30) 470(20) –80(20) –210(20) 170(20) 
Br8 420(30) 320(30) 440(20) –270(20) 50(20) –20(20) 
Al10 250(70) 170(60) 90(50) –20(50) 0(50) 0(50) 
Br37 520(30) 130(20) 230(20) 20(20) –20(20) 10(20) 
Br38 180(20) 600(30) 280(20) 20(20) –40(20) 20(20) 
Br39 550(30) 160(20) 200(20) –130(20) 130(20) 10(20) 
Br40 290(30) 240(20) 180(20) –70(20) –30(20) –50(20) 
Al3 210(70) 100(60) 210(50) –60(50) 20(50) 20(40) 
Br9 190(20) 240(20) 280(20) –50(20) –20(20) 90(20) 
Br10 220(20) 200(20) 340(20) 30(20) –30(20) 40(20) 
Br11 170(20) 240(20) 240(20) –40(20) 10(20) 50(20) 
Br12 570(30) 190(30) 480(20) 0(20) 340(20) 10(20) 
Al11 170(70) 270(70) 240(50) 0(50) –20(50) –30(50) 
Br41 210(20) 200(20) 280(20) –30(20) 30(20) 60(20) 
Br42 230(20) 560(30) 310(20) 100(20) 10(20) –100(20) 
Br43 130(20) 290(30) 400(20) –70(20) –50(20) 180(20) 
Br44 120(20) 220(20) 420(20) 0(20) –50(20) 120(20) 
Al4 130(60) 40(50) 100(40) 0(40) –20(40) 0(40) 
Br13 220(20) 200(20) 160(20) –20(20) 30(20) 20(10) 
Br14 150(20) 310(20) 230(20) 90(20) 30(20) 20(20) 
Br15 220(20) 240(20) 160(20) –30(20) –50(20) –20(20) 
Br16 300(20) 160(20) 230(20) –50(20) 0(20) 10(20) 
Al12 120(60) 90(60) 210(50) 40(40) 10(50) 80(50) 
Br45 280(30) 330(30) 230(20) –10(20) 80(20) 130(20) 
Br46 270(20) 380(30) 330(20) 160(20) –50(20) –40(20) 
Br47 300(30) 170(20) 230(20) –10(20) –90(20) –10(20) 
Br48 310(20) 150(20) 230(20) –40(20) –30(20) 0(20) 
Al5 80(60) 190(60) 180(50) 60(40) –20(50) 100(50) 
Br17 240(20) 190(20) 130(20) 30(20) –30(10) 10(10) 
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Br18 230(20) 170(20) 130(20) 30(20) 40(10) –30(10) 
Br19 110(20) 640(30) 270(20) 50(20) 20(20) –30(20) 
Br20 350(20) 170(20) 240(20) 90(20) 30(20) 20(20) 
Al13 140(60) 260(60) 90(40) 80(40) –60(50) 10(50) 
Br49 320(30) 210(20) 160(20) 0(20) –80(20) 40(20) 
Br50 340(30) 230(20) 160(20) 20(20) 80(20) –10(20) 
Br51 170(20) 460(30) 290(20) –30(20) –10(20) –20(20) 
Br52 290(20) 170(20) 260(20) 40(20) –10(20) 0(20) 
Al6 130(60) 180(60) 120(40) 40(40) –80(50) –20(50) 
Br21 180(20) 160(20) 160(20) 10(10) –10(20) –10(20) 
Br22 380(30) 230(20) 180(20) 50(20) 80(20) –10(20) 
Br23 310(30) 230(20) 190(20) 40(20) –70(20) 10(20) 
Br24 220(20) 170(20) 380(20) –20(10) 10(20) –10(20) 
Al14 270(70) 120(60) 210(60) 30(50) 10(50) 0(50) 
Br53 230(20) 140(20) 270(20) 10(10) –10(20) 0(20) 
Br54 230(20) 280(30) 250(20) 60(20) 20(20) –30(20) 
Br55 320(30) 190(20) 260(20) 0(20) –70(20) 0(20) 
Br56 240(20) 190(20) 360(20) –20(20) 0(20) 30(20) 
Al7 20(50) 150(60) 260(50) –20(40) –20(50) 40(50) 
Br25 120(20) 130(20) 300(20) –10(10) –20(20) 10(20) 
Br26 200(20) 210(20) 890(30) 80(20) –50(20) 0(20) 
Br27 230(30) 450(30) 210(20) –110(20) –20(20) –50(20) 
Br28 300(30) 380(30) 200(20) –90(20) 20(20) 50(20) 
Al15 130(60) 60(50) 170(50) –20(40) –10(40) –50(40) 
Br57 190(20) 340(20) 200(20) 110(20) 40(20) 30(20) 
Br58 380(30) 90(20) 300(20) –60(20) 70(20) 0(20) 
Br59 440(30) 340(30) 420(20) –150(20) –340(20) 100(20) 
Br60 300(20) 170(20) 250(20) –40(20) 110(20) 20(20) 
Al8 260(70) 80(60) 170(50) 50(40) 100(50) 0(50) 
Br29 410(20) 220(20) 190(20) –140(20) 0(20) –10(20) 
Br30 260(20) 280(20) 280(20) 130(20) 20(20) –20(20) 
Br31 450(30) 140(20) 160(20) –10(20) –90(20) 0(10) 
Br32 330(30) 180(20) 150(20) 10(20) 40(20) –50(10) 
Al16 100(60) 190(60) 90(40) 60(40) 50(50) 80(50) 
Br61 150(20) 390(20) 350(20) 20(20) 50(20) 20(20) 
Br62 220(20) 180(20) 340(20) 90(20) –10(20) –20(20) 
Br63 400(30) 200(20) 180(20) 10(20) 20(20) 50(20) 
Br64 430(30) 230(30) 190(20) 30(20) –40(20) –90(20) 
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Supporting Table 36. Selected interatomic distances d (/ pm) for the cations 
[Pt@Bi10]4+ in [Pt@Bi10](AlBr4)4 at 150(2) K. 
Atom pair d  Atom pair d  Atom pair d 
Pt1 Bi1  294.4(2)  Bi1 Bi5  314.3(2)  Bi1 Bi10  309.5(2) 
 Bi8  295.5(2)   Bi2  314.6(2)   Bi1–Bi6  311.4(2) 
 Bi9  297.1(2)  Bi2 Bi3  311.7(2)  Bi2 Bi2–Bi7  307.7(2) 
 Bi10  297.2(2)  Bi3 Bi4  314.5(2)   Bi2–Bi6  310.3(2) 
 Bi6  297.4(2)  Bi4 Bi5  311.5(2)  Bi3 Bi3–Bi8  310.2(2) 
 Bi7  297.7(2)  Bi6 Bi10  311.2(2)   Bi3–Bi7  310.4(2) 
 Bi2  297.7(2)   Bi7  316.7(2)  Bi4 Bi4–Bi8  311.0(2) 
 Bi4  298.0(2)  Bi7 Bi8  312.9(2)   Bi4–Bi9  311.3(2) 
 Bi3  298.8(2)  Bi8 Bi9  312.2(2)  Bi5 Bi5–Bi9  307.1(2) 
 Bi5  299.6(2)  Bi9 Bi10  316.9(2)   Bi5–Bi10  311.3(2) 
           
Pt3 Bi30  293.4(2)  Bi21 Bi26  312.8(2)  Bi21 Bi23  310.1(2) 
 Bi23  294.0(2)   Bi22  313.7(2)   Bi25  310.9(2) 
 Bi24  295.9(2)  Bi22 Bi29  315.9(2)  Bi22 Bi23  307.2(2) 
 Bi28  297.5(2)  Bi23 Bi25  316.4(2)   Bi24  313.6(2) 
 Bi29  297.8(2)   Bi24  317.9(2)  Bi24 Bi29  305.5(2) 
 Bi22  297.8(2)  Bi24 Bi27  312.0(2)  Bi25 Bi26  307.2(2) 
 Bi25  298.2(2)  Bi25 Bi28  310.8(2)  Bi26 Bi28  317.0(2) 
 Bi21  298.7(2)  Bi26 Bi30  310.6(2)  Bi27 Bi30  311.2(2) 
 Bi27  301.7(2)  Bi27 Bi28  313.9(2)   Bi29  312.8(2) 
 Bi26  302.3(2)  Bi29 Bi30  317.5(2)  Bi28 Bi30  306.8(2) 
           
Pt2 Bi20  294.2(2)  Bi11 Bi12  313.4(3)  Bi11 Bi16  309.8(2) 
 Bi12  294.5(2)   Bi15  315.2(2)   Bi20  310.2(2) 
 Bi19  294.8(2)  Bi12 Bi13  313.6(2)  Bi12 Bi16  310.6(2) 
 Bi17  295.0(2)  Bi13 Bi14  311.9(2)   Bi17  310.7(3) 
 Bi15  296.1(2)  Bi14 Bi15  311.4(2)  Bi13 Bi18  308.7(2) 
 Bi14  297.1(2)  Bi16 Bi20  310.5(2)   Bi17  311.4(2) 
 Bi13  297.9(2)   Bi17  311.5(3)  Bi14 Bi18  312.8(3) 
 Bi16  298.8(2)  Bi17 Bi18  314.1(3)   Bi19  313.8(2) 
 Bi18  299.3(2)  Bi18 Bi19  312.5(3)  Bi15 Bi19  311.7(3) 
 Bi11  300.3(2)  Bi19 Bi20  310.0(2)   Bi20  313.0(2) 
           
Pt4 Bi38  294.5(2)  Bi31 Bi35  309.6(2)  Bi31 Bi36  308.7(3) 
 Bi34  295.8(2)   Bi32  315.8(2)   Bi40  313.3(2) 
 Bi36  296.2(2)  Bi32 Bi33  311.4(2)  Bi32 Bi37  308.3(2) 
 Bi31  296.2(2)  Bi33 Bi34  311.1(2)   Bi36  308.7(2) 
 Bi40  296.5(2)  Bi34 Bi35  318.0(3)  Bi33 Bi37  309.6(2) 
 Bi39  297.1(2)  Bi36 Bi40  313.2(2)   Bi38  315.2(2) 
 Bi37  297.8(2)   Bi37  313.9(2)  Bi34 Bi39  310.9(2) 
 Bi33  297.9(2)  Bi37 Bi38  315.0(2)   Bi38  311.7(3) 
 Bi35  299.4(2)  Bi38 Bi39  310.2(2)  Bi35 Bi39  309.1(2) 
 Bi32  299.6(2)  Bi39 Bi40  312.9(2)   Bi40  310.3(2) 
           
d(Pt–Bi)= 297.2 Intraring d(Bi–Bi)= 313.3 Interring d(Bi–Bi)= 310.5 
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Supporting Table 37. Selected interatomic distances d (/ pm) for the anions in 
[Pt@Bi10](AlBr4)4 at 150(2) K. 
Atom pair d  Atom pair d  Atom pair d 
Al1 Br4  226(2)  Al4 Br16  227.1(9)  Al7 Br28  227(2) 
 Br3  229(2)   Br13  229(2)   Br27  228(2) 
 Br1  229(2)   Br15  230(2)   Br26  229(2) 
 Br2  232(2)   Br14  231.1(9)   Br25  231.1(9) 
Al9 Br36  227(2)  Al12 Br47  228(2)  Al15 Br58  227(2) 
 Br33  229(2)   Br48  229(2)   Br57  228(2) 
 Br34  230(2)   Br45  229(2)   Br59  229(2) 
 Br35  232(2)   Br46  232(2)   Br60  231(2) 
Al2 Br8  228(2)  Al5 Br17  227(2)  Al8 Br30  226(2) 
 Br6  228(2)   Br19  228(2)   Br29  229(2) 
 Br5  229(2)   Br18  230(2)   Br32  229(2) 
 Br7  229(2)   Br20  231(2)   Br31  232(2) 
Al10 Br38  227(2)  Al13 Br51  227(2)  Al16 Br64  228(2) 
 Br40  228(2)   Br50  228(2)   Br63  229(2) 
 Br37  229(2)   Br49  231(2)   Br62  229(2) 
 Br39  232(2)   Br52  232(2)   Br61  230(2) 
Al3 Br12  227(2)  Al6 Br24  229(2)     
 Br9  229(2)   Br23  229(2)     
 Br10  230(2)   Br21  229(2)     
 Br11  230(2)   Br22  232(2)     
Al11 Br41  226(2)  Al14 Br56  228(2)     
 Br43  228(2)   Br54  229(2)     
 Br42  229(2)   Br53  230(2)     
 Br44  232(2)   Br55  232(2)     
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Supporting Table 38. Group–subgroup relation for the phase transition of 
[Pt@Bi10](AlBr4)4 (adapted Bärnighausen tree). RT denotes the structure at 296(1) K, LT 
at 150(1) K. The second set of coordinates for the low temperature phase was chosen in 
relation to the removed inversion center at ¼, –¼, –¼ in the LT cell. Only the cation 
including Pt3 and the anion with Al10 performed a significant rotation around their 
respective center of gravity (Pt3, Al10). 
 P42/n  t2  P4  
 [Pt@Bi10](AlBr4)4 (RT)  ¼, –¾, –¾  [Pt@Bi10](AlBr4)4 (LT)  
         
Atom x y z transformation Atom x y z 
Pt1 0.15584(2) 0.40556(2) 0.4963(2) 
 
Pt1 0.40492(3) –0.34618(3) –0.2502(1) 
Bi1 0.15950(4) 0.32944(3) 0.4783(2) 
 
Bi1 0.40493(4) –0.42314(4) –0.2665(1) 
Bi2 0.13436(5) 0.36618(5) 0.7089(2) 
 
Bi2 0.38215(5) –0.38422(5) –0.0345(1) 
Bi3 0.09671(5) 0.43427(6) 0.6359(2) 
 
Bi3 0.34663(4) –0.31432(5) –0.1111(1) 
Bi4 0.09940(5) 0.43943(6) 0.3592(2) 
 
Bi4 0.34907(4) –0.31008(5) –0.3877(1) 
Bi5 0.13911(6) 0.37566(6) 0.2613(2) x + ¼, y – ¾, z – ¾ Bi5 0.38657(5) –0.37638(5) –0.4859(1) 
Bi6 0.21142(5) 0.37049(6) 0.6338(2) 
 
Bi6 0.45992(4) –0.38358(5) –0.1137(1) 
Bi7 0.17250(6) 0.43641(5) 0.7285(2) 
 
Bi7 0.42305(5) –0.31495(5) –0.0178(1) 
Bi8 0.14987(4) 0.48170(3) 0.5134(3) 
 
Bi8 0.40292(4) –0.26892(4) –0.2356(1) 
Bi9 0.17693(6) 0.44537(5) 0.2853(2) 
 
Bi9 0.42732(5) –0.30735(4) –0.4642(1) 
Bi10 0.21414(5) 0.37607(6) 0.3602(2) 
 
Bi10 0.46260(4) –0.37891(5) –0.3873(1) 
     
Pt3 0.09357(3) –0.15345(3) –0.2301(1) 
     
Bi21 0.14703(4) –0.19726(4) –0.1068(1) 
     
Bi22 0.13920(4) –0.19778(4) –0.3819(1) 
     
Bi23 0.16720(3) –0.13230(4) –0.2560(1) 
    
x + ¼, y – ¾, z – ¾ Bi24 0.11188(4) –0.12423(4) –0.4636(1) 
    
+ inversion Bi25 0.12665(4) –0.12330(4) –0.0148(1) 
    
at ¼, –¼, –¼ Bi26 0.07367(4) –0.18352(4) 0.0070(1) 
    
+ rotation Bi27 0.03855(4) –0.10985(4) –0.3523(1) 
    
 Bi28 0.04886(4) –0.10841(4) –0.0779(1) 
     
Bi29 0.05953(4) –0.18441(4) –0.4420(1) 
     
Bi30 0.02033(4) –0.17461(4) –0.1974(1) 
         
Pt2 0.10037(2) 0.64730(2) –0.0071(1) 
 
Pt2 0.35187(3) –0.10446(3) –0.7431(1) 
Bi11 0.04650(5) 0.60835(5) 0.1262(2) 
 
Bi11 0.29833(5) –0.15055(4) –0.6269(1) 
Bi12 0.12288(5) 0.61734(5) 0.2200(2) 
 
Bi12 0.37336(5) –0.13875(5) –0.5222(1) 
Bi13 0.17332(3) 0.62183(3) 0.0052(2) 
 
Bi13 0.42687(4) –0.12545(4) –0.7270(2) 
Bi14 0.12836(5) 0.61419(5) –0.2214(2) 
 
Bi14 0.38499(5) –0.13133(5) –0.9621(1) 
Bi15 0.04956(5) 0.60663(5) –0.1471(2) x + ¼, y – ¾, z – ¾ Bi15 0.30673(4) –0.14599(5) –0.9027(1) 
Bi16 0.07265(5) 0.68034(5) 0.2085(1) 
 
Bi16 0.31863(5) –0.07854(4) –0.5213(1) 
Bi17 0.15030(5) 0.68874(5) 0.1346(2) 
 
Bi17 0.39653(5) –0.06291(5) –0.5835(2) 
Bi18 0.15367(5) 0.68684(5) –0.1415(2) 
 
Bi18 0.40499(5) –0.05810(5) –0.8583(2) 
Bi19 0.07836(5) 0.67704(5) –0.2349(1) 
 
Bi19 0.33032(5) –0.06996(5) –0.9639(1) 
Bi20 0.02831(3) 0.67480(3) –0.0198(2) 
 
Bi20 0.27824(4) –0.08221(4) –0.7584(1) 
     
Pt4 0.14855(3) –0.39798(3) 0.2436(1) 
     
Bi31 0.20438(4) –0.36093(5) 0.1119(1) 
     
Bi32 0.12854(5) –0.37056(5) 0.0056(1) 
    
x + ¼, y – ¾, z – ¾ Bi33 0.07618(4) –0.37000(4) 0.2159(1) 
    
+ inversion Bi34 0.11866(5) –0.36009(5) 0.4475(1) 
    
at ¼, –¼, –¼ Bi35 0.19962(5) –0.35545(4) 0.3837(1) 
     
Bi36 0.17810(5) –0.43386(4) 0.0347(1) 
     
Bi37 0.09848(4) –0.43999(4) 0.1004(1) 
     
Bi38 0.09367(4) –0.43493(5) 0.3770(1) 
     
Bi39 0.16799(4) –0.42408(5) 0.4814(1) 
     
Bi40 0.22044(4) –0.42633(4) 0.2697(1) 
         
Al1 0.0478(2) 0.3186(2) 0.3240(8) 
 
Al1 0.2960(3) –0.4321(3) –0.4266(9) 
Br1 0.0011(1) 0.2840(1) 0.2991(5) 
 
Br1 0.2475(1) –0.4667(1) –0.4481(4) 
Br2 0.0960(1) 0.2845(1) 0.3144(4) x + ¼, y – ¾, z – ¾ Br2 0.3442(1) –0.4685(1) –0.4423(3) 
Br3 0.0499(1) 0.3588(1) 0.1747(4) 
 
Br3 0.2984(1) –0.3925(1) –0.5774(3) 
Br4 0.04841(8) 0.34863(8) 0.4946(5) 
 
Br4 0.2986(1) –0.4031(1) –0.2532(3) 
     
Al9 0.2147(3) –0.0540(3) –0.0748(9) 
    
x + ¼, y – ¾, z – ¾ Br33 0.2471(1) –0.0143(1) 0.0299(3) 
    
+ inversion Br34 0.1571(1) –0.0361(1) –0.0809(3) 
    
at ¼, –¼, –¼ Br35 0.2161(1) –0.1071(1) 0.0237(3) 
     
Br36 0.2376(1) –0.0649(1) –0.2558(3) 
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Al2 0.1902(2) 0.3071(2) 0.001(1) 
 
Al2 0.4380(3) –0.4422(3) –0.7443(9) 
Br5 0.1953(2) 0.2756(2) –0.1643(5) 
 
Br5 0.4478(1) –0.4748(1) –0.9099(4) 
Br6 0.13543(7) 0.33175(9) –0.0040(5) x + ¼, y – ¾, z – ¾ Br6 0.38225(9) –0.4207(1) –0.7508(3) 
Br7 0.1916(2) 0.2761(1) 0.1700(5) 
 
Br7 0.4438(1) –0.4744(1) –0.5756(3) 
Br8 0.2288(1) 0.35083(9) 0.0065(7) 
 
Br8 0.4755(1) –0.3958(1) –0.7391(4) 
     
Al10 0.0395(3) –0.0606(3) 0.2604(8) 
    
x + ¼, y – ¾, z – ¾ Br37 0.0584(1) –0.11757(9) 0.2659(3) 
    
+ inversion Br38 –0.0196(1) –0.0602(1) 0.2367(3) 
    
(at ¼, –¼, –¼) Br39 0.0654(1) –0.0342(1) 0.0977(3) 
    
+ rotation Br40 0.0572(1) –0.0338(1) 0.4298(3) 
         
Al3 0.2964(2) 0.4485(2) 0.6970(8) 
 
Al3 0.5430(3) –0.3012(3) –0.0583(8) 
Br9 0.2796(1) 0.4025(1) 0.8070(4) 
 
Br9 0.5278(1) –0.3491(1) 0.0515(3) 
Br10 0.27190(7) 0.44405(7) 0.5129(5) x + ¼, y – ¾, z – ¾ Br10 0.51807(9) –0.30550(9) –0.2420(3) 
Br11 0.3553(1) 0.4513(1) 0.6746(4) 
 
Br11 0.6029(1) –0.2979(1) –0.0781(3) 
Br12 0.2757(1) 0.4984(1) 0.7792(4) 
 
Br12 0.5222(1) –0.2524(1) 0.0327(4) 
     
Al11 –0.0594(3) –0.1865(3) –0.4357(9) 
    
x + ¼, y – ¾, z – ¾ Br41 –0.0381(1) –0.1507(1) –0.5776(3) 
    
+ inversion Br42 –0.0660(1) –0.1546(1) –0.2662(3) 
    
at ¼, –¼, –¼ Br43 –0.1133(1) –0.2099(1) –0.4746(3) 
     
Br44 –0.02108(9) –0.2330(1) –0.4100(3) 
         
Al4 0.0567(2) 0.4650(2) –0.002(1) 
 
Al4 0.3054(2) –0.2874(2) –0.7479(8) 
Br13 0.0254(1) 0.4534(1) 0.1635(3) 
 
Br13 0.2737(1) –0.2988(1) –0.5813(3) 
Br14 0.10759(6) 0.43431(6) 0.0009(5) x + ¼, y – ¾, z – ¾ Br14 0.35639(9) –0.32016(9) –0.7469(3) 
Br15 0.0261(1) 0.4507(1) –0.1671(3) 
 
Br15 0.2743(1) –0.3012(1) –0.9154(3) 
Br16 0.07051(7) 0.52330(6) –0.0066(4) 
 
Br16 0.32083(9) –0.23001(9) –0.7521(3) 
     
Al12 0.1927(3) –0.2164(2) 0.2606(9) 
    
x + ¼, y – ¾, z – ¾ Br45 0.2237(1) –0.2009(1) 0.0957(3) 
    
+ inversion Br46 0.1412(1) –0.1841(1) 0.2673(3) 
    
at ¼, –¼, –¼ Br47 0.2242(1) –0.2062(1) 0.4278(3) 
     
Br48 0.17819(9) –0.27439(9) 0.2496(3) 
         
Al5 0.0439(2) 0.5591(2) 0.494(1) 
 
Al5 0.2947(2) –0.1942(3) –0.2448(9) 
Br17 0.0689(1) 0.5350(1) 0.6580(3) 
 
Br17 0.3190(1) –0.2198(1) –0.0835(3) 
Br18 0.0674(1) 0.5356(1) 0.3289(3) x + ¼, y – ¾, z – ¾ Br18 0.3182(1) –0.21802(9) –0.4137(3) 
Br19 –0.01466(6) 0.55002(8) 0.5013(5) 
 
Br19 0.23519(9) –0.1996(1) –0.2446(3) 
Br20 0.05454(7) 0.61784(6) 0.4925(4) 
 
Br20 0.3078(1) –0.13512(9) –0.2413(3) 
     
Al13 0.2044(3) –0.3102(3) –0.2468(9) 
    
x + ¼, y – ¾, z – ¾ Br49 0.1779(1) –0.2872(1) –0.4124(3) 
    
+ inversion Br50 0.1778(1) –0.2877(1) –0.0833(3) 
    
at ¼, –¼, –¼ Br51 0.26275(9) –0.2980(1) –0.2477(3) 
     
Br52 0.19815(9) –0.37051(9) –0.2484(3) 
         
Al6 0.1952(2) 0.5187(2) –0.005(1) 
 
Al6 0.4416(3) –0.2330(3) –0.7529(8) 
Br21 0.21205(6) 0.46185(5) 0.0014(4) 
 
Br21 0.46018(8) –0.29008(8) –0.7457(3) 
Br22 0.1614(1) 0.5290(1) 0.1603(3) x + ¼, y – ¾, z – ¾ Br22 0.4095(1) –0.2234(1) –0.5821(3) 
Br23 0.1620(1) 0.5263(1) –0.1722(3) 
 
Br23 0.4086(1) –0.2248(1) –0.9194(3) 
Br24 0.23773(6) 0.55978(6) –0.0072(5) 
 
Br24 0.48476(9) –0.19137(9) –0.7547(3) 
     
Al14 0.0535(3) –0.2667(3) 0.2714(9) 
    
x + ¼, y – ¾, z – ¾ Br53 0.03199(9) –0.21053(9) 0.2721(3) 
    
+ inversion Br54 0.0874(1) –0.2740(1) 0.1067(3) 
    
at ¼, –¼, –¼ Br55 0.0873(1) –0.2726(1) 0.4401(3) 
     
Br56 0.0104(1) –0.30825(9) 0.2734(3) 
         
Al7 0.2064(2) 0.5780(2) 0.487(1) 
 
Al7 0.4568(2) –0.1676(3) –0.2530(9) 
Br25 0.14684(5) 0.57343(6) 0.4912(4) 
 
Br25 0.39685(8) –0.17605(8) –0.2461(3) 
Br26 0.22880(8) 0.52436(9) 0.4780(7) x + ¼, y – ¾, z – ¾ Br26 0.4806(1) –0.2224(1) –0.2661(4) 
Br27 0.2232(1) 0.6039(1) 0.6588(4) 
 
Br27 0.4729(1) –0.1416(1) –0.0806(3) 
Br28 0.2224(1) 0.6075(1) 0.3236(4) 
 
Br28 0.4724(1) –0.1372(1) –0.4168(3) 
     
Al15 0.0504(3) –0.3194(2) –0.2373(8) 
    
x + ¼, y – ¾, z – ¾ Br57 0.10162(9) –0.3494(1) –0.2636(3) 
    
+ inversion Br58 0.0644(1) –0.26175(9) –0.2263(3) 
    
at ¼, –¼, –¼ Br59 0.0137(1) –0.3306(1) –0.3923(3) 
     
Br60 0.0256(1) –0.3388(1) –0.0636(3) 
         
Al8 0.1864(2) 0.7197(2) 0.494(1) 
 
Al8 0.4333(3) –0.0303(2) –0.2412(9) 
Br29 0.14339(8) 0.67800(8) 0.4951(5) 
 
Br29 0.3930(1) –0.07482(9) –0.2436(3) 
Br30 0.23992(8) 0.69529(8) 0.4923(5) x + ¼, y – ¾, z – ¾ Br30 0.48916(9) –0.05006(9) –0.2442(3) 
Br31 0.1795(1) 0.7523(1) 0.3289(4) 
 
Br31 0.4218(1) 0.0032(1) –0.4073(3) 
Br32 0.1812(1) 0.7524(1) 0.6585(3) 
 
Br32 0.4241(1) 0.0029(1) –0.0758(3) 
     
Al16 0.0636(2) –0.4708(3) –0.2569(8) 
    
x + ¼, y – ¾, z – ¾ Br61 0.12061(9) –0.4509(1) –0.2528(3) 
    
+ inversion Br62 0.02689(9) –0.42334(9) –0.2605(3) 
    
at ¼, –¼, –¼ Br63 0.0549(1) –0.5026(1) –0.0885(3) 
     
Br64 0.0553(1) –0.5041(1) –0.4210(3) 
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Supporting Table 39. Coordinates and equivalent displacement parameters Ueq (/ pm2) 
for the atoms in [Pt@Bi10](AlBr4)2(Al2Br7)2 at 150(2) K. All atoms reside on Wyckoff 
positions 4e. Ueq is defined as one-third of the trace of the orthogonalized tensor Uij. 
Atom x y z Ueq 
Pt 0.27047(4) 0.50570(4) 0.12418(2) 157(1) 
Bi1 0.18212(5) 0.44438(5) 0.04989(2) 287(1) 
Bi2 0.03727(5) 0.54710(5) 0.11137(2) 320(1) 
Bi3 0.17742(5) 0.71246(4) 0.15995(2) 343(2) 
Bi4 0.41342(5) 0.71191(5) 0.12974(2) 355(2) 
Bi5 0.40819(5) 0.55074(5) 0.06189(2) 300(1) 
Bi6 0.13220(5) 0.29752(4) 0.11846(2) 306(2) 
Bi7 0.13110(5) 0.46319(5) 0.18725(2) 289(1) 
Bi8 0.35855(5) 0.56437(5) 0.19789(2) 346(2) 
Bi9 0.50443(5) 0.46346(5) 0.13734(2) 380(2) 
Bi10 0.36133(5) 0.29762(5) 0.08741(2) 341(2) 
Al1 0.7401(4) 0.7007(3) 0.0736(1) 250(10) 
Br1 0.9018(1) 0.7377(1) 0.04920(4) 307(3) 
Br2 0.6433(1) 0.6154(2) 0.02615(4) 490(5) 
Br3 0.6435(2) 0.8526(1) 0.09469(5) 520(5) 
Br4 0.7641(1) 0.5691(1) 0.12047(4) 417(4) 
Al2 0.3589(3) 0.0602(3) 0.18547(9) 204(9) 
Br5 0.2372(1) 0.0116(1) 0.13968(3) 281(3) 
Br6 0.2843(2) 0.1975(1) 0.22238(4) 401(4) 
Br7 0.3945(1) –0.1048(1) 0.21918(3) 308(4) 
Br8 0.5066(1) 0.1279(2) 0.15852(5) 482(5) 
Al3 –0.0570(3) 0.0031(3) 0.1862(1) 250(10) 
Al4 –0.2413(3) 0.0328(3) 0.2689(1) 221(9) 
Br9 –0.0539(1) –0.0847(2) 0.13101(4) 468(5) 
Br10 –0.0250(2) 0.1977(1) 0.18611(5) 535(5) 
Br11 0.0487(1) –0.0933(1) 0.22744(4) 354(4) 
Br12 –0.2382(1) –0.0121(1) 0.20426(3) 283(3) 
Br13 –0.1205(1) 0.1750(1) 0.28188(4) 306(3) 
Br14 –0.1981(1) –0.1364(1) 0.29750(3) 365(4) 
Br15 –0.4080(1) 0.0994(2) 0.27584(4) 429(4) 
Al5 0.2252(4) –0.0276(3) 0.0305(1) 230(10) 
Al6 0.2423(4) –0.2493(3) –0.0499(1) 270(10) 
Br16 0.1949(1) –0.2022(1) 0.05685(3) 304(4) 
Br17 0.0984(1) 0.1042(1) 0.04432(4) 386(4) 
Br18 0.3932(2) 0.0353(2) 0.03928(5) 539(5) 
Br19 0.1931(1) –0.0538(1) –0.03423(3) 333(4) 
Br20 0.1123(1) –0.3732(1) –0.03072(4) 301(3) 
Br21 0.4027(1) –0.2800(1) –0.02094(5) 440(4) 
Br22 0.2520(2) –0.2392(2) –0.11066(4) 792(8) 
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Supporting Table 40. Anisotropic displacement parameters Uij (/ pm2) for the atoms in 
[Pt@Bi10](AlBr4)2(Al2Br7)2 at 150(2) K. The exponent of the anisotropic displacement 
factor takes the form: –2π2[h2a*2U11 + ... + 2hka*b*U12]. 
Atom U11 U22 U33 U12 U13 U23 
Pt 106(3) 184(2) 178(2) –6(2) –29(2) –7(2) 
Bi1 246(4) 409(3) 202(2) –60(3) –68(2) 15(2) 
Bi2 127(3) 451(3) 380(3) 62(3) –30(2) 67(3) 
Bi3 446(5) 208(3) 376(3) 48(3) 62(3) –34(2) 
Bi4 385(4) 319(3) 359(3) –176(3) –27(3) –17(2) 
Bi5 213(3) 424(3) 265(3) –65(3) 42(2) 17(2) 
Bi6 344(4) 253(3) 322(3) –128(3) –3(3) –1(2) 
Bi7 325(4) 319(3) 227(3) –65(3) 59(2) 22(2) 
Bi8 379(4) 426(3) 225(3) –95(3) –109(3) –11(2) 
Bi9 142(3) 580(4) 412(3) 62(3) –83(3) 50(3) 
Bi10 352(4) 278(3) 396(3) 107(3) 50(3) –44(2) 
Al1 170(30) 300(20) 280(20) 20(20) 0(20) 50(20) 
Br1 172(9) 355(8) 396(8) 20(7) 67(6) 86(6) 
Br2 230(10) 920(10) 324(8) –90(10) –17(7) –161(8) 
Br3 350(10) 340(9) 880(10) 37(8) 260(9) –37(8) 
Br4 179(9) 640(10) 439(8) 57(8) 45(7) 269(7) 
Al2 150(30) 210(20) 240(20) 20(20) –60(20) –10(20) 
Br5 330(10) 256(7) 253(6) –23(7) –122(6) –1(5) 
Br6 560(10) 286(8) 351(7) 130(8) –124(8) –107(6) 
Br7 470(10) 198(7) 251(6) 37(7) –123(7) 13(5) 
Br8 250(10) 580(10) 610(10) –77(9) –53(8) 236(8) 
Al3 150(30) 320(20) 280(20) –40(20) –10(20) –30(20) 
Al4 120(20) 300(20) 240(20) –30(20) –20(20) 40(20) 
Br9 290(10) 780(10) 331(8) 14(9) –23(7) –167(8) 
Br10 480(10) 377(9) 760(10) –128(9) 260(10) 50(8) 
Br11 250(10) 430(9) 375(7) 84(7) –89(7) –76(6) 
Br12 150(8) 464(8) 233(6) –55(7) –47(6) 10(6) 
Br13 168(9) 306(8) 437(8) –48(7) –94(7) 1(6) 
Br14 510(10) 305(8) 275(7) –75(8) –87(7) 55(6) 
Br15 125(9) 680(10) 484(9) –1(8) 31(7) –55(8) 
Al5 250(30) 200(20) 240(20) –20(20) –20(20) –20(10) 
Al6 320(30) 250(20) 240(20) 50(20) 30(20) –10(20) 
Br16 390(10) 246(7) 271(7) –15(7) –41(6) 44(5) 
Br17 450(10) 364(8) 338(7) 184(8) –95(7) –97(6) 
Br18 300(10) 570(10) 760(10) –186(9) 135(9) –345(9) 
Br19 530(10) 227(7) 239(6) 89(7) –33(7) 11(5) 
Br20 195(9) 320(8) 383(7) –29(7) –90(6) –12(6) 
Br21 190(10) 460(10) 680(10) 53(8) 96(8) 163(8) 
Br22 1600(30) 540(10) 252(8) –90(10) 200(10) –69(7) 
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Supporting Table 41. Selected interatomic distances d (/ pm) for the cation [Pt@Bi10]4+ 
in [Pt@Bi10](AlBr4)2(Al2Br7)2 at 150(2) K. 
Atom pair d  Atom pair d  Atom pair d 
Pt Bi5  295.28(9)  Bi1 Bi5 312.3(1)  Bi1 Bi6 310.49(9) 
 Bi6  296.30(8)  
 
Bi2 316.8(2)    Bi10 310.95(9) 
 Bi8  296.90(8)  Bi2 Bi3 311.83(9)  Bi2  Bi6 311.36(9) 
 Bi3  296.94(8)  Bi3 Bi4 320.6(2)    Bi7 314.23(9) 
 Bi4  297.98(8)  Bi4 Bi5 309.81(9)  Bi3  Bi7 309.25(9) 
 Bi7  298.33(9)  Bi6 Bi10 313.7(2)    Bi8 314.2(2) 
 Bi10  298.70(8)  
 
Bi7 315.76(8)  Bi4  Bi9 308.4(2) 
 Bi1  299.61(8)  Bi7 Bi8 311.1(2)    Bi8 311.15(9) 
 Bi2  300.5(1)  Bi8 Bi9 314.4(2)  Bi5  Bi10 311.43(9) 
 Bi9  301.7(2)  Bi9 Bi10 316.95(9)    Bi9 315.14(9) 
  
 
  
   
d(Pd–Bi)= 298.2  Intraring d(Bi–Bi)= 314.3  Interring d(Bi–Bi)= 311.7 
 
 
Supporting Table 42. Selected interatomic distances d (/ pm) for the anions AlBr4– 
(Al1, Al2) and Al2Br7– (Al3–Al6) in [Pt@Bi10](AlBr4)2(Al2Br7)2 at 150(2) K. 
Atom pair d  Atom pair d  Atom pair d 
Al1 Br3  227.5(5) 
 
Al3 Br9  226.0(4) 
 
Al5 Br18  225.4(5) 
 Br1  229.1(5) 
 
 Br10  227.0(4) 
 
 Br16  226.2(4) 
 Br4  230.2(4) 
 
 Br11  227.6(4) 
 
 Br17  227.1(5) 
 Br2  231.4(4) 
 
 Br12  240.4(5) 
 
 Br19  241.4(4) 
Al2 Br8  227.1(5) 
 
Al4 Br15  225.9(5) 
 
Al6 Br22  223.7(4) 
 Br6  229.7(4) 
 
 Br14  226.6(4) 
 
 Br21  228.6(5) 
 Br7  229.8(4) 
 
 Br13  227.4(4) 
 
 Br20  229.6(5) 
 Br5  231.1(4) 
 
 Br12  242.6(4) 
 
 Br19  240.2(4) 
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Supporting Figure 33.  
Powder X-ray diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of [Pd@Bi10](AlBr4)4. 
The maximum of the background scattering at about 20° is evoked by the glass capillary. 
Supporting Figure 32.  
Powder X-ray diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of 
[Pd@Bi10](AlBr4)2(Al2Br7)2. The maximum of the background scattering at about 20° is 
evoked by the glass capillary. 
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Supporting Table 43. Coordinates, site occupancy factors (sof), and equivalent or 
isotropic displacement parameters Ueq or Uiso (/ pm2) for the atoms in [Pd@Bi10](AlBr4)4 
at 296(1) K. All atoms reside on Wyckoff positions 8g. Ueq is defined as one-third of the 
trace of the orthogonalized tensor Uij. 
Atom x y z sof Ueq / Uiso 
Pd1 0.15595(7) 0.40560(7) 0.4954(4) 1 316(7) 
Bi1 0.15863(7) 0.32890(6) 0.4756(3) 1 1047(9) 
Bi2 0.13384(9) 0.36586(8) 0.7070(2) 1 910(10) 
Bi3 0.09691(9) 0.4349(1) 0.6362(2) 1 890(10) 
Bi4 0.09960(9) 0.44063(9) 0.3587(2) 1 900(10) 
Bi5 0.13827(9) 0.37611(9) 0.2608(2) 1 940(10) 
Bi6 0.21100(9) 0.3692(1) 0.6314(3) 1 930(10) 
Bi7 0.17280(9) 0.43559(9) 0.7283(2) 1 880(10) 
Bi8 0.15079(7) 0.48169(5) 0.5146(3) 1 1013(8) 
Bi9 0.17730(9) 0.44522(9) 0.2849(2) 1 910(10) 
Bi10 0.21347(9) 0.3751(1) 0.3576(3) 1 1040(10) 
Pd2 0.10030(7) 0.64726(7) –0.0073(4) 1 327(7) 
Bi11 0.04664(8) 0.60904(9) 0.1283(2) 1 770(10) 
Bi12 0.12297(8) 0.61756(9) 0.2201(2) 1 830(10) 
Bi13 0.17320(4) 0.62166(5) 0.0041(3) 1 742(5) 
Bi14 0.12799(8) 0.61381(9) –0.2217(2) 1 810(10) 
Bi15 0.04893(8) 0.60679(8) –0.1460(2) 1 760(10) 
Bi16 0.07308(8) 0.68101(8) 0.2090(2) 1 720(9) 
Bi17 0.15088(8) 0.68901(8) 0.1327(2) 1 729(9) 
Bi18 0.15365(8) 0.68675(8) –0.1435(2) 1 727(9) 
Bi19 0.07820(8) 0.67706(8) –0.2359(2) 1 714(9) 
Bi20 0.02830(5) 0.67534(5) –0.0192(2) 1 603(6) 
Al1 0.0472(4) 0.3177(4) 0.326(1) 1 570(40) 
Br1 0.0007(2) 0.2829(2) 0.2951(7) 1 1050(30) 
Br2 0.0956(2) 0.2833(2) 0.3181(5) 1 720(20) 
Br3 0.0503(2) 0.3580(2) 0.1773(5) 1 720(20) 
Br4 0.0472(1) 0.3475(1) 0.4961(8) 1 960(20) 
Al2A 0.2022(6) 0.3100(6) –0.013(2) 0.265(4) 510(40) 
Br5A 0.1897(8) 0.2853(7) –0.191(2) 0.265(4) 900(10) 
Br6A 0.1575(6) 0.2952(6) 0.110(2) 0.265(4) 900(10) 
Br7A 0.2583(6) 0.3031(6) 0.047(1) 0.265(4) 900(10) 
Br8A 0.1985(6) 0.3693(5) –0.013(2) 0.265(4) 900(10) 
Al2B 0.1892(3) 0.3078(3) 0.003(1) 0.735(4) 510(40) 
Br5B 0.1979(3) 0.2744(3) –0.1591(8) 0.735(4) 900(10) 
Br6B 0.1351(2) 0.3307(2) –0.003(1) 0.735(4) 900(10) 
Br7B 0.1909(3) 0.2780(3) 0.1722(8) 0.735(4) 900(10) 
Br8B 0.2281(2) 0.3512(2) 0.0096(9) 0.735(4) 900(10) 
Al3 0.2951(4) 0.4483(4) 0.6932(9) 1 420(40) 
Br9 0.2794(2) 0.4024(2) 0.8067(5) 1 610(20) 
Br10 0.2718(1) 0.4436(1) 0.5116(7) 1 790(20) 
Br11 0.3548(2) 0.4506(2) 0.6736(5) 1 660(20) 
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Br12 0.2756(2) 0.4983(2) 0.7759(6) 1 980(30) 
Al4 0.0570(3) 0.4660(3) –0.005(2) 1 370(30) 
Br13 0.0256(2) 0.4534(2) 0.1631(4) 1 600(20) 
Br14 0.1080(1) 0.4344(1) 0.0003(6) 1 630(10) 
Br15 0.0261(2) 0.4502(2) –0.1668(4) 1 510(20) 
Br16 0.0698(1) 0.5231(1) –0.0055(6) 1 570(10) 
Al5 0.0429(3) 0.5592(3) 0.492(1) 1 310(30) 
Br17 0.0688(2) 0.5357(2) 0.6584(4) 1 510(20) 
Br18 0.0670(2) 0.5359(2) 0.3288(4) 1 490(20) 
Br19 –0.0147(1) 0.5504(1) 0.5007(6) 1 760(10) 
Br20 0.0546(1) 0.6182(1) 0.4917(6) 1 610(10) 
Al6 0.1953(3) 0.5188(3) –0.006(2) 1 530(30) 
Br21 0.2124(1) 0.46216(9) 0.0009(5) 1 480(10) 
Br22 0.1617(2) 0.5296(2) 0.1579(5) 1 720(20) 
Br23 0.1623(2) 0.5263(2) –0.1733(4) 1 630(20) 
Br24 0.2381(1) 0.5598(1) –0.0110(7) 1 660(10) 
Al7 0.2057(3) 0.5784(3) 0.483(1) 1 430(40) 
Br25 0.1468(1) 0.5738(1) 0.4896(5) 1 540(10) 
Br26 0.2290(2) 0.5245(2) 0.477(1) 1 1190(30) 
Br27 0.2233(2) 0.6035(2) 0.6577(5) 1 900(30) 
Br28 0.2227(2) 0.6074(2) 0.3234(5) 1 840(30) 
Al8 0.1864(3) 0.7198(3) 0.495(1) 1 420(30) 
Br29 0.1431(1) 0.6780(1) 0.4945(7) 1 910(20) 
Br30 0.2395(1) 0.6952(1) 0.4910(7) 1 910(20) 
Br31 0.1795(2) 0.7525(2) 0.3290(5) 1 720(20) 
Br32 0.1820(2) 0.7522(2) 0.6594(5) 1 750(20) 
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Supporting Table 44. Anisotropic displacement parameters Uij (/ pm2) for the atoms in 
[Pd@Bi10](AlBr4)4 at 296(1) K. The exponent of the anisotropic displacement factor takes 
the form: –2π2[h2a*2U11 + ... + 2hka*b*U12]. 
Atom U11 U22 U33 U12 U13 U23 
Pd1 290(20) 290(20) 360(20) 20(10) 50(20) 0(20) 
Bi1 1210(20) 400(10) 1530(30) –140(10) –120(20) –150(20) 
Bi2 880(20) 1050(30) 820(20) –330(20) –40(10) 520(20) 
Bi3 620(20) 1220(30) 840(20) 210(20) 280(20) –160(20) 
Bi4 710(20) 1100(30) 890(20) 310(20) –240(20) 240(20) 
Bi5 1070(30) 1240(30) 530(10) –310(20) 20(10) –350(10) 
Bi6 600(20) 910(30) 1290(20) 190(20) –350(20) 190(20) 
Bi7 1030(30) 1080(30) 540(10) –200(20) –150(10) –260(10) 
Bi8 1420(20) 350(10) 1270(20) –10(10) 100(20) –80(20) 
Bi9 1050(30) 1030(30) 660(20) –310(20) 240(10) 290(10) 
Bi10 590(20) 1190(30) 1330(20) 120(20) 440(20) –330(20) 
Pd2 260(20) 350(20) 370(20) –10(10) –10(20) –20(20) 
Bi11 640(20) 730(20) 940(20) –170(20) 170(20) 350(20) 
Bi12 770(20) 990(30) 710(20) 230(20) –130(10) 410(20) 
Bi13 440(10) 760(10) 1030(10) 290(10) –40(20) 10(20) 
Bi14 810(20) 930(30) 690(20) 190(20) 140(10) –410(20) 
Bi15 740(20) 670(20) 880(20) –230(20) –200(20) –280(10) 
Bi16 730(20) 970(20) 460(10) 230(20) 40(10) –220(10) 
Bi17 630(20) 750(20) 810(20) –170(20) –230(10) –230(10) 
Bi18 590(20) 750(20) 840(20) –170(20) 200(10) 190(10) 
Bi19 750(20) 920(20) 470(10) 130(20) 0(10) 190(10) 
Bi20 370(10) 770(10) 670(10) 210(10) 0(10) 40(10) 
Al1 600(100) 500(100) 610(90) 150(90) –270(80) 150(80) 
Br1 790(60) 970(70) 1400(60) –370(50) –510(50) 640(50) 
Br2 570(50) 750(60) 840(40) 240(40) –220(40) –200(40) 
Br3 720(60) 610(60) 830(40) –150(40) –210(40) 190(40) 
Br4 960(40) 1090(50) 830(30) 290(40) –40(60) –170(60) 
Al2A – – – – – – 
Br5A – – – – – – 
Br6A – – – – – – 
Br7A – – – – – – 
Br8A – – – – – – 
Al2B – – – – – – 
Br5B – – – – – – 
Br6B – – – – – – 
Br7B – – – – – – 
Br8B – – – – – – 
Al3 500(100) 400(100) 340(70) 80(80) –50(60) –60(60) 
Br9 510(50) 530(50) 800(40) –20(40) 10(30) 230(30) 
Br10 710(40) 770(40) 870(40) 0(30) –230(40) 210(40) 
Br11 560(50) 800(60) 630(40) –80(40) 70(30) 300(40) 
Br12 1270(70) 450(50) 1230(50) –40(50) 700(50) 100(40) 
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Al4 320(70) 330(70) 460(60) 120(60) 0(100) 0(100) 
Br13 610(50) 660(50) 520(30) –80(40) 100(30) 80(30) 
Br14 510(30) 780(30) 600(20) 200(30) –60(40) 30(40) 
Br15 400(50) 620(50) 510(30) –10(40) –140(30) –90(30) 
Br16 750(30) 440(30) 530(20) –70(20) –10(40) –50(40) 
Al5 320(70) 230(70) 360(60) 60(60) –10(90) –60(90) 
Br17 610(50) 610(50) 320(30) 70(40) –110(30) 100(30) 
Br18 580(50) 520(50) 360(30) –20(40) 60(30) –60(30) 
Br19 350(30) 1250(40) 680(30) 0(30) –10(40) 30(50) 
Br20 810(40) 430(30) 600(30) 60(20) 60(40) –20(40) 
Al6 700(100) 350(80) 480(70) –120(70) 0(100) –100(100) 
Br21 500(30) 400(30) 540(20) 70(20) –20(40) 10(40) 
Br22 1020(70) 550(50) 580(40) –10(40) 150(40) –70(30) 
Br23 820(60) 560(50) 520(30) 220(40) –80(30) 10(30) 
Br24 630(30) 430(30) 940(40) –30(30) 80(40) –80(40) 
Al7 410(80) 460(90) 420(90) –60(70) –130(80) –110(80) 
Br25 400(30) 570(30) 630(30) –20(20) –20(40) 50(40) 
Br26 600(40) 750(40) 2210(90) 260(30) –70(60) 50(60) 
Br27 790(60) 1270(80) 650(40) –470(50) –230(40) 90(40) 
Br28 850(60) 1170(70) 510(40) –370(50) 80(30) 50(40) 
Al8 500(80) 410(80) 360(60) –10(60) 0(100) 0(100) 
Br29 1020(40) 930(40) 770(30) –540(30) 0(50) –10(50) 
Br30 860(40) 1100(50) 780(30) 470(30) 30(50) –70(50) 
Br31 1220(70) 470(50) 470(40) 50(50) –260(40) 100(30) 
Br32 1390(80) 410(50) 440(40) 30(50) 210(40) –100(30) 
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Supporting Table 45. Coordinates, site occupancy factors (sof), and equivalent or 
isotropic displacement parameters Ueq or Uiso (/ pm2) for the atoms in [Pd@Bi10](AlBr4)4 
at 150(2) K. All atoms reside on Wyckoff positions 8g. Ueq is defined as one-third of the 
trace of the orthogonalized tensor Uij. The Uiso value of Bi1B and Bi8B were set. 
Atom x y z sof Ueq / Uiso 
Pd1 0.15567(7) 0.40551(6) 0.4870(2) 1 164(7) 
Bi2 0.13405(4) 0.36449(4) 0.6969(1) 1 417(5) 
Bi3 0.09833(4) 0.43508(4) 0.6360(1) 1 390(5) 
Bi4 0.09921(4) 0.44408(4) 0.3572(1) 1 340(5) 
Bi5 0.13510(4) 0.37859(4) 0.2498(1) 1 390(5) 
Bi6 0.21112(4) 0.36579(4) 0.6137(1) 1 397(5) 
Bi7 0.17551(4) 0.43336(4) 0.7227(1) 1 392(5) 
Bi9 0.17672(4) 0.44736(5) 0.2778(1) 1 442(5) 
Bi10 0.21180(4) 0.37504(5) 0.3402(1) 1 483(5) 
Bi1A 0.15617(4) 0.32840(4) 0.4568(1) 0.928(2) 365(5) 
Bi1B 0.0862(5) 0.3819(6) 0.497(2) 0.072(2) 380 
Bi8A 0.15291(4) 0.48221(4) 0.5163(1) 0.928(2) 332(5) 
Bi8B 0.2289(6) 0.4222(6) 0.452(2) 0.072(2) 380 
Pd2 0.09959(6) 0.64744(6) –0.0047(2) 1 153(6) 
Bi11 0.04517(4) 0.60991(5) 0.1320(1) 1 423(5) 
Bi12 0.12169(4) 0.62059(5) 0.2285(1) 1 427(5) 
Bi13 0.17328(4) 0.62311(4) 0.0131(1) 1 378(4) 
Bi14 0.12901(4) 0.61240(4) –0.2163(1) 1 391(5) 
Bi15 0.04954(4) 0.60510(4) –0.1440(1) 1 364(5) 
Bi16 0.07093(4) 0.68324(4) 0.2076(1) 1 384(5) 
Bi17 0.14919(4) 0.69144(4) 0.1345(1) 1 362(5) 
Bi18 0.15366(4) 0.68673(4) –0.1430(1) 1 387(5) 
Bi19 0.07829(4) 0.67526(4) –0.2394(1) 1 350(5) 
Bi20 0.02712(4) 0.67495(4) –0.0244(1) 1 299(4) 
Al1 0.0448(3) 0.3159(4) 0.3402(9) 1 470(40) 
Br1 –0.0028(1) 0.2832(1) 0.3114(4) 1 660(20) 
Br2 0.0919(1) 0.2785(1) 0.3454(3) 1 470(10) 
Br3 0.0505(1) 0.3551(1) 0.1868(3) 1 450(10) 
Br4 0.0458(1) 0.3473(1) 0.5108(4) 1 580(10) 
Al2A 0.2000(4) 0.3128(4) 0.008(2) 0.783(3) 240(40) 
Br5A 0.1993(2) 0.2845(2) –0.1719(5) 0.783(3) 363(7) 
Br6A 0.1495(1) 0.2984(1) 0.1036(4) 0.783(3) 363(7) 
Br7A 0.2463(1) 0.3041(1) 0.1256(4) 0.783(3) 363(7) 
Br8A 0.1949(1) 0.3724(1) –0.0245(4) 0.783(3) 363(7) 
Al2B 0.188(2) 0.308(2) 0.006(6) 0.217(3) 240(40) 
Br5B 0.2037(7) 0.2762(6) –0.149(2) 0.217(3) 363(7) 
Br6B 0.1339(4) 0.3305(4) –0.002(2) 0.217(3) 363(7) 
Br7B 0.1921(5) 0.2771(5) 0.168(1) 0.217(3) 363(7) 
Br8B 0.2265(5) 0.3541(5) 0.007(2) 0.217(3) 363(7) 
Al3 0.2956(3) 0.4457(3) 0.6804(9) 1 340(30) 
Br9 0.2790(1) 0.3980(1) 0.7934(3) 1 330(10) 
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Br10 0.2695(1) 0.4425(1) 0.4973(4) 1 420(10) 
Br11 0.3544(1) 0.4465(1) 0.6577(3) 1 490(10) 
Br12 0.2749(1) 0.4946(1) 0.7684(4) 1 570(10) 
Al4 0.0569(3) 0.4645(3) –0.0052(8) 1 200(30) 
Br13 0.0260(1) 0.4511(1) 0.1623(3) 1 280(10) 
Br14 0.10861(9) 0.43415(9) –0.0066(3) 1 300(10) 
Br15 0.0257(1) 0.4506(1) –0.1705(3) 1 250(10) 
Br16 0.07001(9) 0.52300(8) –0.0052(3) 1 264(9) 
Al5 0.0433(2) 0.5590(3) 0.4926(8) 1 150(20) 
Br17 0.0692(1) 0.53483(9) 0.6583(3) 1 240(10) 
Br18 0.0667(1) 0.53603(9) 0.3263(3) 1 230(10) 
Br19 –0.01522(9) 0.5499(1) 0.5030(3) 1 330(10) 
Br20 0.05408(9) 0.61823(9) 0.4922(3) 1 290(10) 
Al6 0.1940(3) 0.5197(3) –0.0176(9) 1 240(30) 
Br21 0.21240(9) 0.46388(9) –0.0061(3) 1 268(9) 
Br22 0.1621(1) 0.5319(1) 0.1500(3) 1 340(10) 
Br23 0.1602(1) 0.5258(1) –0.1838(3) 1 330(10) 
Br24 0.23777(9) 0.56155(9) –0.0264(3) 1 300(10) 
Al7 0.2046(3) 0.5793(3) 0.4834(9) 1 230(30) 
Br25 0.14616(9) 0.5739(1) 0.4860(3) 1 290(10) 
Br26 0.2300(1) 0.5254(1) 0.4758(5) 1 690(20) 
Br27 0.2214(1) 0.6055(1) 0.6568(3) 1 520(10) 
Br28 0.2226(1) 0.6082(1) 0.3180(3) 1 500(10) 
Al8 0.1870(3) 0.7200(3) 0.4952(9) 1 210(30) 
Br29 0.1439(1) 0.6784(1) 0.4995(3) 1 490(10) 
Br30 0.2403(1) 0.6956(1) 0.4903(3) 1 520(10) 
Br31 0.1795(1) 0.7531(1) 0.3302(3) 1 390(10) 
Br32 0.1836(1) 0.7532(1) 0.6625(3) 1 340(10) 
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Supporting Table 46. Anisotropic displacement parameters Uij (/ pm2) for the atoms in 
[Pd@Bi10](AlBr4)4 at 150(2) K. The exponent of the anisotropic displacement factor takes 
the form: –2π2[h2a*2U11 + ... + 2hka*b*U12]. 
Atom U11 U22 U33 U12 U13 U23 
Pd1 200(20) 110(20) 180(10) 0(10) 20(10) –20(10) 
Bi2 450(10) 430(10) 374(9) –100(10) 20(9) 234(9) 
Bi3 320(10) 550(10) 297(9) 170(10) 101(8) –75(9) 
Bi4 330(10) 380(10) 304(9) 133(9) –99(8) 34(8) 
Bi5 480(10) 430(10) 261(9) –17(9) –1(8) –181(8) 
Bi6 250(10) 370(10) 570(10) 77(9) –184(9) 60(9) 
Bi7 520(10) 350(10) 309(9) –52(9) –188(9) –60(8) 
Bi9 470(10) 530(10) 317(9) –170(10) 136(8) 158(9) 
Bi10 250(10) 640(10) 550(10) 90(10) 176(9) –120(10) 
Bi1A 360(10) 120(10) 620(10) –39(9) –44(9) –56(8) 
Bi1B – – – – – – 
Bi8A 530(10) 110(10) 360(10) –21(9) –50(10) –5(8) 
Bi8B – – – – – – 
Pd2 130(20) 160(20) 170(10) 0(10) 10(10) 0(10) 
Bi11 330(10) 480(10) 450(10) –160(10) 68(9) 218(9) 
Bi12 440(10) 550(10) 295(9) 80(10) –94(8) 203(9) 
Bi13 210(10) 420(10) 490(10) 177(8) –79(9) –48(9) 
Bi14 390(10) 460(10) 316(9) 148(9) 21(8) –211(8) 
Bi15 350(10) 300(10) 440(10) –81(9) –124(9) –150(8) 
Bi16 370(10) 520(10) 267(9) 129(9) 30(8) –151(8) 
Bi17 300(10) 380(10) 410(10) –74(9) –121(8) –151(9) 
Bi18 310(10) 440(10) 410(10) –124(9) 125(8) 79(9) 
Bi19 380(10) 450(10) 226(8) 63(9) –11(8) 92(8) 
Bi20 143(9) 420(10) 334(9) 115(8) 7(7) 0(8) 
Al1 500(100) 700(100) 150(60) 110(80) –150(60) 140(70) 
Br1 440(30) 630(40) 900(40) –100(30) –270(30) 340(30) 
Br2 330(30) 450(30) 620(30) 170(20) –160(20) –200(20) 
Br3 510(30) 440(30) 390(20) –130(20) –150(20) 100(20) 
Br4 590(30) 680(40) 460(30) 250(30) –30(30) –110(30) 
Al2A – – – – – – 
Br5A – – – – – – 
Br6A – – – – – – 
Br7A – – – – – – 
Br8A – – – – – – 
Al2B – – – – – – 
Br5B – – – – – – 
Br6B – – – – – – 
Br7B – – – – – – 
Br8B – – – – – – 
Al3 500(90) 170(80) 340(70) 90(70) 100(60) 190(60) 
Br9 330(30) 260(30) 410(20) –50(20) 60(20) 210(20) 
Br10 430(30) 350(30) 480(20) 20(20) –100(30) 120(20) 
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Br11 290(30) 670(40) 500(30) 50(20) 110(20) 350(30) 
Br12 680(40) 350(30) 680(30) –50(30) 330(30) 50(20) 
Al4 240(70) 260(70) 90(50) 20(50) –20(60) 0(60) 
Br13 240(30) 370(30) 230(20) –50(20) 40(20) 70(20) 
Br14 220(20) 380(30) 290(20) 100(20) –60(20) 40(20) 
Br15 210(30) 320(30) 220(20) 10(20) –60(20) 20(20) 
Br16 390(30) 180(20) 230(20) –60(20) 10(20) –20(20) 
Al5 120(60) 250(70) 90(50) 20(50) 30(50) 70(50) 
Br17 300(30) 260(30) 140(20) 30(20) –10(20) 10(20) 
Br18 270(30) 260(30) 150(20) 30(20) 30(20) –50(20) 
Br19 120(20) 610(30) 260(20) 20(20) –20(20) 0(20) 
Br20 410(30) 240(20) 200(20) 40(20) 20(20) –10(20) 
Al6 390(80) 200(70) 150(60) –30(60) 40(60) –70(50) 
Br21 340(20) 150(20) 310(20) –10(20) –40(20) 0(20) 
Br22 460(30) 290(30) 270(20) 90(20) 50(20) –130(20) 
Br23 440(30) 280(30) 280(20) 40(20) –50(20) –50(20) 
Br24 250(20) 170(20) 500(30) –50(20) 20(20) –60(20) 
Al7 170(70) 320(70) 180(60) 30(60) –30(50) 90(60) 
Br25 180(20) 370(30) 300(20) –10(20) –30(20) 120(20) 
Br26 420(30) 410(30) 1230(40) 130(20) –30(30) 100(30) 
Br27 480(30) 830(40) 250(20) –320(30) –120(20) 50(20) 
Br28 450(30) 740(40) 320(20) –280(30) 30(20) 30(20) 
Al8 300(70) 150(60) 190(50) 0(50) 130(60) 80(60) 
Br29 570(30) 570(30) 340(20) –330(20) 10(20) 10(30) 
Br30 520(30) 690(30) 360(20) 310(30) –30(20) –120(30) 
Br31 820(40) 170(30) 170(20) –20(20) –150(20) 70(20) 
Br32 740(30) 160(20) 130(20) –30(20) 80(20) –30(20) 
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Supporting Table 47. Selected interatomic distances d (/ pm) for the cations 
[Pd@Bi10]4+ in [Pd@Bi10](AlBr4)4 at 150(2) K. Only the ordered cation around Pd2 was 
used for the calculation of the average distances. 
Atom pair d  Atom pair d  Atom pair d 
Pd1 Bi10  296.3(3)  Bi1A Bi5 314.1(2) 
 
Bi1A  Bi10 308.4(2) 
 Bi8A  296.6(3)   Bi2 316.8(2)  
 
Bi6 311.0(2) 
 Bi2  297.0(3)  Bi2 Bi3 311.5(2)  Bi2 Bi7 310.0(2) 
 Bi7  297.4(3)  Bi3 Bi4 317.6(2)  
 
Bi6 310.6(2) 
 Bi9  297.4(3)  Bi4 Bi5 311.5(2)  Bi3 Bi8A 308.3(2) 
 Bi1A  298.1(3)  Bi6 Bi10 311.7(2)  
 
Bi7 312.3(2) 
 Bi5  298.5(3)  
 
Bi7 318.2(2)  Bi4 Bi8A 310.5(2) 
 Bi6  298.6(3)  Bi7 Bi8A 312.0(2)  
 
Bi9 311.2(2) 
 Bi3  299.7(3)  Bi8A  Bi9 315.0(2)  Bi5 Bi9 310.2(2) 
 Bi4  300.9(3)  Bi9 Bi10 316.6(3)  
 
Bi10 312.1(2) 
 Bi1B  282(2)  
 
 
 
 
 
 
 
 Bi8B  291(2)  
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Pd2 Bi12  295.9(3)  Bi11 Bi15 313.5(2)  Bi11 Bi16 310.5(2) 
 Bi15  297.1(3)  
 
Bi12 316.2(2)  
 
Bi20 313.9(2) 
 Bi14  297.2(3)  Bi12 Bi13 314.4(2)  Bi12 Bi16 310.5(2) 
 Bi11  297.3(3)  Bi13 Bi14 313.2(2)  
 
Bi17 310.6(2) 
 Bi16  297.9(3)  Bi14 Bi15 317.2(2)  Bi13 Bi17 310.3(2) 
 Bi19  298.0(3)  Bi16 Bi17 313.3(2)  
 
Bi18 310.8(2) 
 Bi20  298.5(3)  
 
Bi20 313.6(2)  Bi14 Bi19 311.2(2) 
 Bi13  298.7(3)  Bi17 Bi18 315.3(2)  
 
Bi18 311.9(2) 
 Bi17  299.4(3)  Bi18 Bi19 312.4(2)  Bi15 Bi19 310.5(2) 
 Bi18  300.7(3)  Bi19 Bi20 312.9(2)  
 
Bi20 312.5(2) 
      
d(Pd–Bi)= 298.1 Intraring d(Bi–Bi)= 314.2 Interring d(Bi–Bi)= 311.3 
  
9 Supporting Information 
 
 
236 
 
 
Supporting Table 48. Selected interatomic distances d (/ pm) for the anions in 
[Pd@Bi10](AlBr4)4 at 150(2) K. 
Atom pair d  Atom pair d  Atom pair d 
Al1 Br1  224(2) Al3 Br12  227(2) Al6 Br21  226(2) 
 Br4  228(2)  Br11  227(2)  Br23  230(2) 
 Br3  231(2)  Br10  231(2)  Br22  231(2) 
 Br2  231(2)  Br9  232(2)  Br24  233(2) 
Al2A Br7A  225(2) Al4 Br15  229(2) Al7 Br25  225(2) 
 Br6A  230(2)  Br13  230(2)  Br28  228(2) 
 Br5A  231(2)  Br16  230(1)  Br26  229(2) 
 Br8A  233(2)  Br14  230(2)  Br27  230(2) 
Al2B Br7B  220(7) Al5 Br18  227(2) Al8 Br30  225(2) 
 Br5B  223(7)  Br19  228(2)  Br31  228(2) 
 Br6B  224(6)  Br20  231(1)  Br32  229(2) 
 Br8B  229(6)  Br17  232(2)  Br29  230(1) 
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Supporting Table 49. Coordinates and equivalent displacement parameters Ueq (/ pm2) 
for the atoms in [Pd@Bi10](AlBr4)2(Al2Br7)2 at 296(1) K. All atoms reside on Wyckoff 
positions 4e. Ueq is defined as one-third of the trace of the orthogonalized tensor Uij. 
Atom x y z Ueq 
Pd 0.2663(1) 0.5028(1) 0.12418(3) 375(3) 
Bi1 0.18046(7) 0.44169(7) 0.05030(2) 656(3) 
Bi2 0.03473(7) 0.54723(7) 0.11114(2) 740(3) 
Bi3 0.17545(8) 0.71088(6) 0.15961(2) 749(3) 
Bi4 0.41179(8) 0.70699(6) 0.12959(2) 770(3) 
Bi5 0.40734(7) 0.54427(7) 0.06218(2) 682(3) 
Bi6 0.12465(7) 0.29665(6) 0.11864(2) 691(3) 
Bi7 0.12470(7) 0.46283(6) 0.18680(2) 687(3) 
Bi8 0.35279(8) 0.56153(7) 0.19774(2) 790(3) 
Bi9 0.49907(7) 0.45738(8) 0.13742(3) 868(3) 
Bi10 0.35541(8) 0.29291(6) 0.08815(2) 751(3) 
Al1 0.7364(5) 0.7035(4) 0.0722(1) 540(20) 
Br1 0.8994(2) 0.7409(2) 0.04917(6) 713(6) 
Br2 0.6388(2) 0.6290(3) 0.02469(6) 1069(9) 
Br3 0.6446(2) 0.8538(2) 0.09549(8) 1100(10) 
Br4 0.7562(2) 0.5650(2) 0.11639(6) 915(8) 
Al2 0.3636(5) 0.0576(4) 0.1849(1) 500(10) 
Br5 0.2450(2) 0.0093(2) 0.13955(5) 676(6) 
Br6 0.2894(2) 0.1950(2) 0.22100(6) 823(8) 
Br7 0.3969(2) –0.1052(2) 0.21873(5) 750(7) 
Br8 0.5124(2) 0.1243(2) 0.15789(7) 1042(9) 
Al3 –0.0541(5) 0.0010(5) 0.1887(1) 530(10) 
Al4 –0.2399(5) 0.0325(4) 0.2705(1) 550(20) 
Br9 –0.0506(2) –0.0853(2) 0.13354(6) 994(8) 
Br10 –0.0187(3) 0.1914(2) 0.18902(8) 1200(10) 
Br11 0.0502(2) –0.0952(2) 0.22865(6) 819(7) 
Br12 –0.2336(2) –0.0131(2) 0.20645(5) 686(6) 
Br13 –0.1192(2) 0.1704(2) 0.28379(6) 743(6) 
Br14 –0.2035(2) –0.1359(2) 0.29914(6) 986(9) 
Br15 –0.4040(2) 0.1030(3) 0.27635(7) 1084(9) 
Al5 0.2254(5) –0.0317(4) 0.0302(1) 500(10) 
Al6 0.2330(5) –0.2514(4) –0.0497(1) 580(20) 
Br16 0.1981(2) –0.2022(2) 0.05696(6) 903(8) 
Br17 0.1006(2) 0.0978(2) 0.04541(6) 945(8) 
Br18 0.3918(2) 0.0332(2) 0.03739(8) 1190(10) 
Br19 0.1920(2) –0.0588(2) –0.03266(6) 968(9) 
Br20 0.1080(2) –0.3741(2) –0.02841(5) 661(6) 
Br21 0.3956(2) –0.2862(2) –0.02547(8) 1008(8) 
Br22 0.2256(4) –0.2359(2) –0.11017(6) 1610(20) 
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Supporting Table 50. Anisotropic displacement parameters Uij (/ pm2) for the atoms in 
[Pd@Bi10](AlBr4)2(Al2Br7)2 at 296(1) K. The exponent of the anisotropic displacement 
factor takes the form: –2π2[h2a*2U11 + ... + 2hka*b*U12]. 
Atom U11 U22 U33 U12 U13 U23 
Pd 408(9) 361(6) 358(7) –18(6) 38(6) –23(5) 
Bi1 721(7) 850(5) 393(4) –152(5) –58(4) 36(4) 
Bi2 449(6) 952(6) 818(6) 138(5) 22(5) 121(5) 
Bi3 1093(8) 401(4) 767(6) 117(4) 250(5) –71(4) 
Bi4 937(8) 614(5) 762(6) –331(5) 59(5) –86(4) 
Bi5 660(6) 826(5) 574(5) –170(5) 244(4) –26(4) 
Bi6 922(7) 528(4) 629(5) –303(5) 128(5) –8(4) 
Bi7 955(8) 655(5) 467(5) –157(5) 264(4) 39(3) 
Bi8 1055(8) 849(6) 453(5) –151(5) –188(5) –37(4) 
Bi9 514(6) 1115(7) 965(7) 184(5) –141(5) 22(5) 
Bi10 928(8) 510(5) 827(6) 190(5) 186(5) –133(4) 
Al1 480(40) 630(30) 520(30) 30(30) 140(30) 40(30) 
Br1 560(20) 750(10) 840(10) 20(10) 220(10) 150(10) 
Br2 760(20) 1770(30) 680(20) –270(20) 70(10) –210(20) 
Br3 900(20) 760(20) 1680(30) 130(10) 570(20) –140(20) 
Br4 640(20) 1210(20) 910(20) 110(10) 190(10) 540(10) 
Al2 620(40) 440(30) 440(30) 40(30) –20(30) 0(20) 
Br5 940(20) 530(10) 540(10) –60(10) –180(10) –12(9) 
Br6 1190(20) 550(10) 720(10) 190(10) –130(10) –210(10) 
Br7 1230(20) 420(10) 580(10) 90(10) –190(10) 11(9) 
Br8 690(20) 1200(20) 1240(20) –80(20) 70(20) 440(20) 
Al3 430(40) 630(30) 540(40) 10(30) 40(30) –20(30) 
Al4 510(40) 650(30) 480(30) –130(30) 60(30) 10(30) 
Br9 820(20) 1510(20) 650(10) 100(20) –10(10) –340(10) 
Br10 1260(30) 870(20) 1490(20) –330(20) 570(20) 120(20) 
Br11 790(20) 860(10) 800(10) 240(10) –170(10) –150(10) 
Br12 510(10) 990(20) 560(10) –120(10) 30(10) 0(10) 
Br13 630(20) 740(10) 850(20) –130(10) –100(10) –30(10) 
Br14 1650(30) 700(10) 600(10) –230(20) –110(20) 150(10) 
Br15 500(20) 1590(20) 1180(20) –20(20) 240(10) –220(20) 
Al5 610(40) 370(30) 500(30) –50(30) 70(30) –20(20) 
Al6 680(50) 530(30) 530(30) 50(30) 150(30) –60(30) 
Br16 1380(30) 640(10) 680(10) –90(10) –30(10) 110(10) 
Br17 1170(20) 850(10) 810(20) 380(20) –110(20) –280(10) 
Br18 770(20) 1270(20) 1530(30) –400(20) 380(20) –730(20) 
Br19 1570(30) 660(10) 680(10) 210(10) 0(20) –20(10) 
Br20 590(20) 670(10) 720(10) –100(10) –80(10) –30(10) 
Br21 560(20) 940(20) 1540(20) 130(10) 200(20) 140(20) 
Br22 3370(60) 1030(20) 450(10) –170(30) 250(20) –90(10) 
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Supporting Table 51. Coordinates and equivalent displacement parameters Ueq (/ pm2) 
for the atoms in [Pd@Bi10](AlBr4)2(Al2Br7)2 at 150(2) K. All atoms reside on Wyckoff 
positions 4e. Ueq is defined as one-third of the trace of the orthogonalized tensor Uij. 
Atom x y z Ueq 
Pd 0.26989(7) 0.5050(1) 0.12403(2) 162(2) 
Bi1 0.18122(4) 0.44223(5) 0.04975(2) 275(1) 
Bi2 0.03641(4) 0.54723(6) 0.11113(2) 307(2) 
Bi3 0.17748(4) 0.71286(5) 0.15968(2) 324(2) 
Bi4 0.41356(4) 0.71113(6) 0.12942(2) 334(2) 
Bi5 0.40800(4) 0.54843(5) 0.06168(2) 284(1) 
Bi6 0.12992(4) 0.29653(5) 0.11869(2) 285(1) 
Bi7 0.13024(4) 0.46327(5) 0.18727(2) 278(1) 
Bi8 0.35787(4) 0.56476(6) 0.19801(2) 327(2) 
Bi9 0.50337(4) 0.46136(6) 0.13740(2) 363(2) 
Bi10 0.35962(4) 0.29550(5) 0.08767(2) 329(2) 
Al1 0.7397(3) 0.7022(4) 0.07343(8) 240(10) 
Br1 0.90281(9) 0.7388(1) 0.04968(3) 285(3) 
Br2 0.6428(1) 0.6211(2) 0.02543(3) 479(5) 
Br3 0.6442(1) 0.8549(2) 0.09481(4) 484(4) 
Br4 0.7617(1) 0.5696(2) 0.11965(3) 410(4) 
Al2 0.3598(3) 0.0589(4) 0.18540(8) 250(10) 
Br5 0.2397(1) 0.0111(1) 0.13921(3) 301(3) 
Br6 0.2847(1) 0.1965(1) 0.22231(3) 377(4) 
Br7 0.3958(1) –0.1058(1) 0.21880(3) 315(3) 
Br8 0.5084(1) 0.1281(2) 0.15854(4) 467(5) 
Al3 –0.0556(3) 0.0046(4) 0.18672(9) 250(10) 
Al4 –0.2406(3) 0.0325(4) 0.26922(9) 250(10) 
Br9 –0.0522(1) –0.0820(2) 0.13134(3) 461(5) 
Br10 –0.0230(1) 0.1976(2) 0.18757(4) 555(5) 
Br11 0.0484(1) –0.0941(2) 0.22812(3) 356(4) 
Br12 –0.23759(9) –0.0110(1) 0.20447(3) 298(4) 
Br13 –0.12032(9) 0.1747(1) 0.28248(3) 317(4) 
Br14 –0.1998(1) –0.1365(1) 0.29767(3) 376(4) 
Br15 –0.4075(1) 0.1013(2) 0.27582(3) 438(5) 
Al5 0.2256(3) –0.0298(4) 0.02995(9) 230(10) 
Al6 0.2397(3) –0.2494(4) –0.05029(9) 250(10) 
Br16 0.1959(1) –0.2030(1) 0.05638(3) 340(4) 
Br17 0.0997(1) 0.1032(1) 0.04421(3) 365(4) 
Br18 0.3934(1) 0.0334(2) 0.03821(4) 514(5) 
Br19 0.1924(1) –0.0555(1) –0.03440(3) 387(4) 
Br20 0.11071(9) –0.3743(1) –0.03049(3) 303(4) 
Br21 0.4004(1) –0.2828(2) –0.02286(4) 435(4) 
Br22 0.2445(2) –0.2387(2) –0.11133(4) 787(6) 
  
9 Supporting Information 
 
 
240 
 
 
Supporting Table 52. Anisotropic displacement parameters Uij (/ pm2) for the atoms in 
[Pd@Bi10](AlBr4)2(Al2Br7)2 at 150(2) K. The exponent of the anisotropic displacement 
factor takes the form: –2π2[h2a*2U11 + ... + 2hka*b*U12]. 
Atom U11 U22 U33 U12 U13 U23 
Pd 178(6) 199(5) 109(4) –10(5) 21(3) –6(4) 
Bi1 285(3) 411(4) 127(2) –62(3) –17(2) 13(3) 
Bi2 194(3) 446(4) 281(3) 59(3) 9(2) 60(3) 
Bi3 485(4) 207(3) 286(3) 45(3) 113(3) –32(3) 
Bi4 419(4) 313(4) 271(3) –162(3) 20(2) –21(3) 
Bi5 280(3) 404(4) 174(2) –74(3) 87(2) 2(3) 
Bi6 379(4) 261(3) 218(3) –122(3) 60(2) –8(3) 
Bi7 380(4) 314(4) 145(2) –65(3) 99(2) 16(2) 
Bi8 410(4) 418(4) 150(2) –91(3) –63(2) –8(3) 
Bi9 207(3) 547(5) 332(3) 66(3) –46(2) 37(3) 
Bi10 402(4) 274(3) 315(3) 90(3) 89(3) –45(3) 
Al1 300(30) 290(30) 150(20) 30(20) 30(20) 60(20) 
Br1 217(9) 359(9) 283(7) –10(7) 87(6) 51(7) 
Br2 297(9) 900(20) 245(7) –90(10) 41(6) –159(9) 
Br3 370(10) 350(10) 740(10) 40(9) 287(8) –47(9) 
Br4 244(9) 630(10) 357(7) 69(9) 103(6) 265(8) 
Al2 380(30) 220(20) 140(20) 0(20) –20(20) 30(20) 
Br5 399(9) 290(9) 208(6) –42(7) –97(6) –14(6) 
Br6 580(10) 283(9) 265(7) 95(8) –59(6) –74(7) 
Br7 500(10) 245(8) 194(6) 41(8) –50(6) 8(6) 
Br8 330(10) 550(10) 520(9) –41(9) 9(7) 221(9) 
Al3 130(20) 350(30) 270(20) –30(20) 20(20) –20(20) 
Al4 200(20) 380(30) 180(20) –30(20) 40(20) 30(20) 
Br9 348(9) 780(10) 255(7) 30(10) 24(6) –198(8) 
Br10 600(10) 420(10) 660(10) –150(10) 320(8) 20(10) 
Br11 330(9) 440(10) 294(7) 103(8) –65(6) –68(7) 
Br12 231(8) 470(10) 198(6) –56(8) 5(6) 2(7) 
Br13 262(9) 340(10) 351(7) –40(7) –41(6) –6(7) 
Br14 590(10) 315(9) 223(6) –89(8) –38(6) 71(7) 
Br15 213(9) 670(10) 438(8) 16(9) 77(7) –57(9) 
Al5 280(30) 230(30) 180(20) –40(20) 50(20) –50(20) 
Al6 330(30) 250(30) 180(20) 30(20) 60(20) –50(20) 
Br16 510(10) 284(9) 230(6) –15(8) 7(6) 49(7) 
Br17 450(10) 370(10) 268(7) 142(8) –15(6) –104(7) 
Br18 310(10) 590(10) 650(10) –173(9) 167(7) –330(10) 
Br19 640(10) 290(9) 235(6) 78(9) 29(6) 1(7) 
Br20 268(9) 325(9) 313(7) –47(7) –45(6) –21(7) 
Br21 266(9) 440(10) 602(9) 46(9) 140(7) 119(9) 
Br22 1630(20) 540(10) 203(7) –100(10) 230(9) –70(8) 
  
9 Supporting Information 
 
 
241 
 
 
Supporting Table 53. Selected interatomic distances d (/ pm) for the cation [Pd@Bi10]4+ 
in [Pd@Bi10](AlBr4)2(Al2Br7)2 at 150(2) K. 
Atom pair d  Atom pair d  Atom pair d 
Pd Bi5 294.9(2)  Bi1 Bi5 312.69(8)  Bi1 Bi10 310.58(8) 
 Bi3 297.2(2)  
 
Bi2 317.03(8)    Bi6 310.93(8) 
 Bi6 297.6(2)  Bi2 Bi3 312.38(8)  Bi2  Bi6 311.9(2) 
 Bi8 297.7(2)  Bi3 Bi4 320.29(9)    Bi7 314.76(7) 
 Bi4 298.3(2)  Bi4 Bi5 310.25(8)  Bi3  Bi7 310.05(9) 
 Bi7 298.4(2)  Bi6 Bi10 313.83(8)    Bi8 313.87(8) 
 Bi10 298.6(2)  
 
Bi7 315.55(8)  Bi4  Bi9 309.3(2) 
 Bi1 299.8(1)  Bi7 Bi8 311.13(8)    Bi8 311.60(8) 
 Bi2 300.7(2)  Bi8 Bi9 314.83(8)  Bi5  Bi10 312.0(2) 
 Bi9 301.2(2)  Bi9 Bi10 316.82(8)    Bi9 315.20(7) 
  
 
 
   
d(Pd–Bi)= 298.4  Intraring d(Bi–Bi)= 314.5  Interring d(Bi–Bi)= 312.0 
 
 
 
 
Supporting Table 54. Selected interatomic distances d (/ pm) for the anions AlBr4– 
(Al1, Al2) and Al2Br7– (Al3–Al6) in [Pd@Bi10](AlBr4)2(Al2Br7)2 at 150(2) K. 
Atom pair d  Atom pair d  Atom pair d 
Al1 Br3  227.7(4) 
 
Al3 Br10  225.4(5) 
 
Al5 Br16  224.6(4) 
 Br4  228.7(4) 
 
 Br9  225.8(4) 
 
 Br18  224.8(4) 
 Br1  229.2(4) 
 
 Br11  227.8(4) 
 
 Br17  227.4(4) 
 Br2  230.7(4) 
 
 Br12  240.7(4) 
 
 Br19  239.8(3) 
Al2 Br8  228.2(4) 
 
Al4 Br14  225.4(5) 
 
Al6 Br22  223.9(3) 
 Br7  229.0(4) 
 
 Br15  226.5(4) 
 
 Br21  226.8(4) 
 Br6  229.8(4) 
 
 Br13  227.0(4) 
 
 Br20  230.0(4) 
 Br5  230.4(3) 
 
 Br12  242.3(3) 
 
 Br19  238.0(4) 
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Supporting Figure 34.  
Powder X-ray diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of [Rh2Bi12](AlBr4)4
after washing with dry dichloromethane. Note the increase of the 101 reflection and its 
higher scattering orders due to texture effects. The 404, 505, and 606 reflections comprise 
only negligible intensity. Increased background at about 20° is caused by the glass 
capillary. 
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Supporting Table 55. Wyckoff positions (W.p.), coordinates and equivalent 
displacement parameters Ueq (/ pm2) for the atoms in [Rh2Bi12](AlBr4)4 at 296(1) K. Ueq is 
defined as one-third of the trace of the orthogonalized tensor Uij. 
Atom W.p. x y z Ueq 
Rh1 4f 0.41484(7) –0.00723(5) 0.01950(6) 278(3) 
Bi1 4f 0.24803(5) –0.00505(3) –0.10241(4) 617(2) 
Bi2 4f 0.26781(5) –0.09305(3) 0.05169(4) 561(2) 
Bi3 4f 0.41661(5) –0.02054(3) 0.18613(4) 555(2) 
Bi4 4f 0.26286(5) 0.06212(3) 0.06580(4) 519(2) 
Bi5 4f 0.44201(4) 0.09761(3) –0.07937(4) 436(2) 
Bi6 4f 0.54582(4) 0.08610(3) 0.10430(4) 454(2) 
Rh2 2e 0.0864(1) ¼ 0.47495(9) 297(4) 
Rh3 2e –0.0649(1) ¼  0.54249(9) 299(4) 
Bi7 2e 0.04525(8) ¼ 0.30241(5) 641(3) 
Bi8 4f 0.21458(5) 0.17155(3) 0.40686(5) 651(2) 
Bi9 2e 0.27079(7) ¼ 0.57081(7) 743(4) 
Bi10 4f –0.05115(5) 0.15385(3) 0.42686(4) 508(2) 
Bi11 4f 0.08178(5) 0.16089(3) 0.60143(4) 531(2) 
Bi12 2e –0.24064(7) ¼ 0.42823(6) 665(3) 
Bi13 4f –0.20610(5) 0.17185(3) 0.59332(4) 630(2) 
Bi14 2e –0.04817(8) ¼ 0.71159(6) 692(3) 
Al1 4f 0.0667(3) –0.0033(2) 0.2120(3) 380(10) 
Br1 4f 0.0437(2) –0.0926(1) 0.1254(2) 1171(9) 
Br2 4f 0.0494(2) 0.0950(1) 0.1440(2) 1094(8) 
Br3 4f 0.2198(1) –0.00941(9) 0.2970(1) 713(6) 
Br4 4f –0.0377(1) –0.00675(8) 0.2956(1) 554(5) 
Al2 4f 0.6855(3) –0.0098(2) 0.4174(3) 500(10) 
Br5 4f 0.6778(1) –0.08141(8) 0.3065(1) 713(6) 
Br6 4f 0.6248(2) 0.09024(8) 0.3639(1) 1059(9) 
Br7 4f 0.8451(1) 0.00130(8) 0.4870(1) 587(5) 
Br8 4f 0.6061(1) –0.05428(9) 0.5046(1) 696(5) 
Al3 2e 0.2096(4) ¼ –0.0770(4) 340(20) 
Br9 4f 0.1911(1) 0.16141(8) –0.1673(1) 759(7) 
Br10 2e 0.3600(2) ¼ 0.0105(1) 580(8) 
Br11 2e 0.1057(2) ¼ –0.0005(2) 1190(10) 
Al4 2e 0.7791(4) ¼ 0.1271(4) 430(20) 
Br12 2e 0.8936(2) ¼ 0.0595(2) 718(8) 
Br13 2e 0.6343(2) ¼ 0.0305(1) 412(6) 
Br14 4f 0.7920(1) 0.15809(7) 0.21399(9) 578(5) 
Al5 2e 0.4375(4) ¼ 0.2942(3) 350(20) 
Br15 2e 0.5564(2) ¼ 0.2296(1) 472(6) 
Br16 4f 0.3456(2) 0.15687(8) 0.2557(1) 861(7) 
Br17 2e 0.4945(2) ¼ 0.4360(1) 630(8) 
Al6 2e 0.5900(5) ¼ 0.7355(4) 370(20) 
Br18 4f 0.5738(1) 0.15608(7) 0.6547(1) 582(5) 
Br19 2e 0.7382(2) ¼ 0.8272(1) 585(8) 
Br20 2e 0.4724(2) ¼ 0.8044(2) 549(7) 
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Supporting Table 56. Anisotropic displacement parameters Uij (/ pm2) for the atoms in 
[Rh2Bi12](AlBr4)4 at 296(1) K. The exponent of the anisotropic displacement factor takes 
the form: –2π2[h2a*2U11 + ... + 2hka*b*U12]. 
Atom U11 U22 U33 U12 U13 U23 
Rh1 276(7) 286(6) 295(7) –41(5) 111(5) –29(5) 
Bi1 518(5) 586(4) 581(5) 9(3) –152(4) –73(3) 
Bi2 579(5) 390(3) 784(5) –161(3) 303(4) –11(3) 
Bi3 780(5) 603(4) 332(4) 41(3) 233(3) 44(3) 
Bi4 560(5) 420(3) 648(5) 111(3) 284(4) –50(3) 
Bi5 471(4) 347(3) 510(4) 75(3) 162(3) 141(3) 
Bi6 490(4) 418(3) 454(4) –123(3) 123(3) –215(3) 
Rh2 290(10) 319(9) 310(10) 0 124(8) 0 
Rh3 230(10) 368(9) 320(10) 0 105(8) 0 
Bi7 786(8) 796(7) 346(6) 0 155(5) 0 
Bi8 700(5) 538(4) 846(5) 197(4) 434(4) –1(4) 
Bi9 347(7) 885(7) 864(8) 0 –78(6) 0 
Bi10 549(5) 403(4) 554(4) –124(3) 111(3) –183(3) 
Bi11 528(5) 535(4) 512(4) 157(3) 104(3) 253(3) 
Bi12 340(6) 859(7) 668(7) 0 –95(5) 0 
Bi13 580(5) 579(4) 840(5) –138(4) 380(4) 50(4) 
Bi14 740(8) 1033(8) 341(6) 0 209(5) 0 
Al1 420(30) 380(30) 400(30) –10(20) 190(20) 10(20) 
Br1 1130(20) 1380(20) 1210(20) –660(20) 670(20) –780(20) 
Br2 1260(20) 1020(20) 1200(20) 460(10) 670(20) 660(10) 
Br3 460(10) 1070(10) 620(10) –10(10) 165(9) 130(10) 
Br4 470(10) 730(10) 530(10) –19(9) 257(9) 30(9) 
Al2 540(30) 420(30) 440(30) 100(20) –30(30) 20(20) 
Br5 660(10) 910(10) 520(10) 110(10) 50(10) –220(10) 
Br6 1260(20) 520(10) 1210(20) 280(10) –10(20) 270(10) 
Br7 470(10) 680(10) 590(10) –84(9) 81(9) –49(9) 
Br8 500(10) 940(10) 670(10) 30(10) 190(10) 80(10) 
Al3 380(40) 290(30) 360(40) 0 130(30) 0 
Br9 800(10) 550(10) 710(10) 190(10) –190(10) –217(9) 
Br10 430(20) 680(20) 540(20) 0 –30(10) 0 
Br11 780(20) 1820(30) 1280(30) 0 810(20) 0 
Al4 360(40) 380(40) 460(40) 0 –40(30) 0 
Br12 410(20) 1030(20) 750(20) 0 210(10) 0 
Br13 310(10) 540(10) 340(10) 0 20(10) 0 
Br14 690(10) 423(9) 490(10) –12(8) –74(9) 55(8) 
Al5 400(40) 340(40) 280(40) 0 50(30) 0 
Br15 510(20) 530(10) 450(10) 0 270(10) 0 
Br16 960(20) 810(10) 950(20) –540(10) 490(10) –460(10) 
Br17 620(20) 930(20) 310(10) 0 80(10) 0 
Al6 380(40) 360(40) 350(40) 0 80(30) 0 
Br18 780(10) 430(10) 590(10) –105(9) 290(10) –152(8) 
Br19 510(20) 700(20) 490(20) 0 30(10) 0 
Br20 630(20) 550(10) 570(20) 0 340(10) 0 
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Supporting Table 57. Selected interatomic distances d (/ pm) for the [Rh2Bi12]4+ cations 
in [Rh2Bi12](AlBr4)4 at 296(1) K. Atoms with a prime are generated by the inversion 
center within the cation around Rh1. Atoms with two primes are generated by the mirror 
plane within the other cation (Rh2, Rh3). 
Atom pair d  Atom pair d  Atom pair d 
Rh1 Rh1'  273.1(2)  Rh2 Rh3  271.5(2)  Bi7 Bi8  304.8(2) 
 Bi1  272.1(2)   Bi9  273.5(2)   Bi8''  304.8(2) 
 Bi5'  273.9(2)   Bi10  273.9(2)   Bi10  338.0(2) 
 Bi5  275.3(2)   Bi10''  273.9(2)   Bi10''  338.0(2) 
 Bi6'  276.4(2)   Bi7  276.5(2)  Bi8 Bi9  305.9(2) 
 Bi3  276.8(2)   Bi11''  276.7(2)   Bi8''  313.9(2) 
 Bi6  277.3(2)   Bi11  276.7(2)  Bi9 Bi8''  305.9(2) 
 Bi4  287.7(2)   Bi8  288.1(2)   Bi11''  342.1(2) 
 Bi2  289.7(2)   Bi8''  288.1(2)   Bi11  342.1(2) 
Bi1 Bi4  305.19(9)  Rh3 Bi14  275.0(2)  Bi10 Bi11  303.44(8) 
 Bi2  305.38(9)   Bi12  275.3(2) 
 
 Bi12  336.3(2) 
 Bi6'  341.31(9)   Bi11''  275.5(2) 
 
 Bi10''  384.8(2) 
 Bi5  342.71(9) 
 
 Bi11  275.5(2) 
 
Bi11 Bi14  344.6(2) 
Bi2 Bi3  303.81(8)   Bi10  276.0(2)   Bi11''  356.6(2) 
 Bi4  311.60(8)   Bi10''  276.0(2)  Bi12 Bi13''  307.7(2) 
Bi3 Bi4  306.25(8)   Bi13''  287.5(2)   Bi13  307.7(2) 
 Bi6  335.35(9)   Bi13  287.5(2)   Bi10''  336.3(2) 
 Bi5'  340.95(2)      Bi13 Bi14  303.4(2) 
Bi5 Bi6  303.34(8)       Bi13''  312.8(2) 
 Bi6'  370.84(7)      Bi14 Bi13''  303.4(2) 
         Bi11''  344.6(2) 
 
 
Supporting Table 58. Selected interatomic distances d (/ pm) for the anions in 
[Rh2Bi12](AlBr4)4 at 296(1) K. Atoms with a prime are generated by the mirror plane 
running through each anion. 
Atom pair d  Atom pair d  Atom pair d 
Al1 Br2 224.9(4) 
 
Al3 Br11 221.0(8) 
 
Al5 Br15  225.7(8) 
 Br1 226.0(4) 
 
 Br10 228.7(6) 
 
 Br17  227.9(6) 
 Br3 230.5(4) 
 
 Br9 229.0(4) 
 
 Br16  228.4(4) 
 Br4 230.8(5) 
 
 Br9’ 229.0(4) 
 
 Br16’  228.4(4) 
   
 
   
 
   
Al2 Br8 225.4(6) 
 
Al4 Br12 223.6(8) 
 
Al6 Br18  228.4(4) 
 Br6 227.2(4) 
 
 Br13 228.8(6) 
 
 Br18’  228.4(4) 
 Br5 231.1(5) 
 
 Br14 231.3(4) 
 
 Br19  228.9(6) 
 Br7 231.6(5) 
 
 Br14’ 231.3(4) 
 
 Br20  229.0(8) 
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Supporting Table 59. Atomic coordinates (/pm), bond energies (/ eV) and zero-point 
vibrational energies (/ eV) for the equilibrium geometries of [Bi4]2– isomers in 
comparison to the experimental, hypothetical butterfly isomer in [Rh2Bi12]4+. The 
frequency analysis of the equilibrium geometries revealed only real frequencies. 
 [Bi4]2– in [Rh2Bi12]4+ 
 [Bi4]2– optimized, 
local minimum, 
butterfly isomer 
 [Bi4]2– optimized, 
local minimum, 
square isomer 
Atom x y z  x y z  x y z 
Bi 404.6 –10.1 –163.9  431.3 –9.8 –153.9  149.4 –149.4 0 
Bi 366.7 –186.2 82.7  343.1 –179.5 88.7  149.4 149.4 0 
Bi 524.7 –41.1 297.9  543.3 –38.0 276.4  –149.4 149.4 0 
Bi 353.4 124.3 105.3  331.8 114.2 110.8  –149.4 –149.4 0 
            
    bond energy: –12.11  bond energy: –12.46 
    ZPVE: 0.03  ZPVE: 0.03 
 
 
 
Supporting Table 60. Atomic coordinates (/ pm), bond energies (/ eV) and zero-point 
vibrational energies (imaginary frequencies were excluded from the summation) (/ eV) 
for the equilibrium geometry of [Bi5]+ (pyramidal) in comparison with saddle-point 
geometry of a hypothetical [P5]+-like isomer and the experimental shape found in 
Bi9Rh2Br3. The frequency analysis of the equilibrium geometry revealed only real 
frequencies. Symmetry was restrained to Cs for the saddle point. 
 “[Bi5]+“ in Bi9Rh2Br3 
 [Bi5]+ optimized, 
saddle point, 
[P5]+-like isomer 
 [Bi5]+ optimized, 
local minimum, 
pyramidal isomer 
Atom x y z  x y z  x y z 
Bi –288.7 1554.3 511.2  –254.8 525.8 147.9  –199.1 1547.7 541.3 
Bi –176.2 1715.1 766.9  –191.0 790.1 0  –196.0 1745.5 785.1 
Bi 144.3 1715.1 707.9  85.3 680.8 0  66.8 1653.2 671.0 
Bi –19.4 1715.1 425.9  –13.4 400.6 0  –13.8 1758.5 400.8 
Bi –288.7 1876.0 511.2  –254.8 525.8 –147.9  –276.6 1850.7 514.9 
            
    bond energy: –10.27  bond energy: –10.72 
    ZPVE: 0.05  ZPVE: 0.06 
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Supporting Table 61. List of ELI-D basins (Figure 56, page 106), their assignment and 
population for a single-point configuration of the centrosymmetric [Rh2Bi12]4+ cation in 
[Rh2Bi12](AlBr4)4. Bond polarity assessed from the intersection of the ELI-D basins with 
the respective QTAIM basins.[118,126] Results obtained for a [Rh2Bi12]4+ cation on the 
mirror plane are virtually identical. Some basins 7 were found fused with basins 5 and 
therefore excluded from population and atomic-contribution analysis. Minor contributions 
of Rh (less than 10%) to the basins 2 and 3 were neglected. 
Attribution of an 
ELI-D feature 
Basin population 
q/e– 
Averaged percentage 
of atomic contributions 
Bi core 78.1–78.2 – 
Bi lone pair (LP) 3.0–3.3 – 
Rh core 28.0 – 
Rh penultimate shell  
(multiple basins) 15.1 – 
V(Bi, Bi, (Rh)) = 1 0.7–0.9 terminal Bi 51 %; central Bi 36 %; Rh 13 % 
V(Bi, Bi) = 2 1.0 48:52 
V(Bi, Bi) = 3 1.2 49:51 
V(Bi, Rh) = 4 0.4 Bi 50 %; Rh 50 % 
V(Bi, Rh) = 5 0.6 Bi 65; Rh 35 % 
V(Bi, Rh, Rh) = 6 0.3 Bi 47 %; 26 % each Rh 
V(Bi, Rh) = 7 0.6 Bi 61 %; Rh 39 % 
V(Rh, Rh) = 8 0.1 50 % each 
 
 
The QTAIM[118] charges for both single-point configurations were yielded as 
−0.70 (inversion) and −0.70 to −0.72 (mirror plane) for Rh atoms and +0.45 to 
+0.48 (inversion) and +0.46 to +0.52 (mirror plane) for Bi atoms. Therefore, 
QTAIM charges alone are insufficient to indicate the apparently different bonding 
situation in the case of the [Rh2Bi12]4+ cation. 
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Supporting Figure 35.  
Powder X-ray diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of [Rh@Bi9](AlBr4)4
after washing with dry dichloromethane. Note the extremely unequal distribution of the 
scattering intensity. The background maximum at about 20° is caused by the glass 
capillary. 
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Supporting Table 62. Coordinates, site occupancy factors (sof), and equivalent or 
isotropic displacement parameters Ueq or Uiso (/ pm2) for the atoms in [Rh@Bi9](AlBr4)4 
at 296(1) K. All atoms reside on Wyckoff positions 4e. Ueq is defined as one-third of the 
trace of the orthogonalized tensor Uij. 
Atom x y z sof Ueq / Uiso 
Rh1 0.4984(3) 0.7450(2) 0.05891(6) 1 321(9) 
Bi1 0.4493(2) 0.6933(1) 0.00900(4) 1 791(8) 
Bi2 0.5745(2) 0.8451(2) 0.02126(5) 1 960(10) 
Bi3 0.6849(2) 0.6762(2) 0.03968(4) 1 744(8) 
Bi4 0.4731(3) 0.5872(1) 0.05984(4) 1 839(8) 
Bi5 0.3263(3) 0.8284(3) 0.03760(5) 0.905(6) 1070(20) 
Bi6 0.6817(2) 0.8190(1) 0.07737(4) 1 646(6) 
Bi7 0.2989(3) 0.6987(2) 0.0808(1) 0.905(6) 1220(20) 
Bi8 0.4330(3) 0.8559(2) 0.09408(7) 0.905(6) 920(10) 
Bi9 0.5494(3) 0.6847(2) 0.10753(5) 1 1160(10) 
BiA1 0.448(2) 0.884(1) 0.0777(5) 0.095(6) 440(60) 
BiA2 0.282(2) 0.769(1) 0.0461(4) 0.095(6) 440(60) 
BiA3 0.341(2) 0.721(1) 0.0984(4) 0.095(6) 440(60) 
Rh2 0.0021(3) 0.2484(2) 0.10382(6) 1 322(9) 
Bi10 0.1895(2) 0.1808(2) 0.08336(5) 1 846(8) 
Bi11 –0.0407(3) 0.1059(2) 0.08179(9) 0.830(9) 910(20) 
Bi12 0.0798(2) 0.1375(2) 0.13912(5) 1 870(9) 
Bi13 –0.0047(5) 0.2825(3) 0.05172(6) 0.751(4) 1460(30) 
Bi14 –0.1684(3) 0.1724(3) 0.12674(7) 0.751(4) 840(10) 
Bi15 0.1924(2) 0.3066(2) 0.12716(4) 1 828(9) 
Bi16 0.0388(5) 0.4045(2) 0.0935(1) 0.751(4) 1470(20) 
Bi17 –0.1864(3) 0.3289(3) 0.09246(7) 0.751(4) 1230(20) 
Bi18 –0.0463(2) 0.3136(2) 0.15121(5) 1 1020(10) 
BiB1 0.0868(9) 0.3412(7) 0.0667(2) 0.250(4) 890(20) 
BiB2 –0.0922(9) 0.3945(7) 0.1042(2) 0.250(4) 890(20) 
BiB3 –0.1359(9) 0.2546(7) 0.0617(2) 0.250(4) 890(20) 
BiB4 –0.212(1) 0.2063(8) 0.1188(3) 0.250(4) 890(20) 
BiB5 –0.076(2) 0.147(2) 0.0695(4) 0.170(9) 890(20) 
Rh3 0.5020(3) 0.2347(2) 0.27024(6) 1 262(8) 
Bi19 0.5733(3) 0.1925(3) 0.22103(6) 1 1780(20) 
Bi20 0.3203(3) 0.1836(2) 0.24349(7) 1 1320(10) 
Bi21 0.4229(3) 0.3522(3) 0.23989(9) 1 1730(20) 
Bi22 0.4943(3) 0.0776(2) 0.2655(1) 1 1820(20) 
Bi23 0.3197(5) 0.2826(5) 0.2957(1) 0.420(3) 722(8) 
Bi24 0.6713(3) 0.3299(2) 0.25473(6) 1 1150(10) 
Bi25 0.7058(2) 0.1711(2) 0.28157(6) 1 1050(10) 
Bi26 0.4954(6) 0.1566(4) 0.3173(1) 0.420(3) 722(8) 
Bi27 0.5803(7) 0.3300(4) 0.3109(1) 0.420(3) 722(8) 
BiC1 0.505(1) 0.1908(6) 0.3229(2) 0.267(2) 722(8) 
BiC2 0.5095(8) 0.3550(6) 0.3036(2) 0.267(2) 722(8) 
BiC3 0.3068(8) 0.2358(7) 0.2973(2) 0.267(2) 722(8) 
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BiD1 0.3483(7) 0.3287(6) 0.2941(2) 0.313(2) 722(8) 
BiD2 0.5862(9) 0.3054(6) 0.3151(2) 0.313(2) 722(8) 
BiD3 0.4352(8) 0.1794(6) 0.3199(2) 0.313(2) 722(8) 
Al1 0.074(1) 0.123(1) –0.0033(3) 1 620(50) 
Cl1 0.115(1) 0.0820(9) –0.0419(2) 1 630(40) 
Cl2 0.112(1) 0.038(1) 0.0259(3) 1 1170(80) 
Cl3 –0.100(1) 0.153(1) 0.0002(4) 1 1170(70) 
Cl4 0.172(2) 0.219(1) 0.0061(4) 1 1330(80) 
Al2 0.595(1) 0.085(1) 0.0481(3) 1 530(40) 
Cl5 0.648(1) 0.0298(8) 0.0139(2) 1 650(40) 
Cl6 0.420(1) 0.079(1) 0.0485(3) 1 1210(80) 
Cl7 0.664(1) 0.0355(9) 0.0826(2) 1 660(40) 
Cl8 0.642(1) 0.1995(9) 0.0448(3) 1 860(50) 
Al3 0.192(1) 0.513(1) 0.0081(3) 1 640(50) 
Cl9 0.101(1) 0.420(1) –0.0063(3) 1 1080(70) 
Cl10 0.3686(8) 0.4843(8) 0.0054(2) 1 500(30) 
Cl11 0.162(1) 0.536(1) 0.0470(3) 1 910(60) 
Cl12 0.187(1) 0.622(1) –0.0107(5) 1 1430(90) 
Al4 0.454(1) 0.3590(9) 0.0772(2) 1 510(40) 
Cl13 0.354(1) 0.3013(9) 0.0470(3) 1 700(40) 
Cl14 0.497(1) 0.2746(9) 0.1050(2) 1 840(50) 
Cl15 0.589(1) 0.4081(8) 0.0582(2) 1 520(30) 
Cl16 0.354(1) 0.4438(9) 0.0949(3) 1 760(50) 
Al5 –0.058(1) 0.6385(9) 0.0949(3) 1 610(50) 
Cl17 –0.162(1) 0.550(1) 0.0762(3) 1 850(50) 
Cl18 0.077(1) 0.5867(8) 0.1133(2) 1 680(40) 
Cl19 –0.016(1) 0.7176(9) 0.0645(3) 1 790(40) 
Cl20 –0.160(1) 0.692(1) 0.1217(3) 1 830(50) 
Al6 0.086(1) 0.8946(9) 0.1190(3) 1 460(40) 
Cl21 0.129(1) 0.7779(8) 0.1272(3) 1 670(40) 
Cl22 0.168(1) 0.933(1) 0.0859(2) 1 770(50) 
Cl23 –0.082(1) 0.916(1) 0.1145(2) 1 760(50) 
Cl24 0.135(1) 0.9568(8) 0.1546(2) 1 570(40) 
Al7 0.434(1) 0.107(1) 0.1590(3) 1 520(40) 
Cl25 0.378(1) 0.064(1) 0.1224(3) 1 790(50) 
Cl26 0.391(2) 0.034(1) 0.1911(3) 1 1070(60) 
Cl27 0.601(1) 0.125(1) 0.1607(3) 1 1010(70) 
Cl28 0.349(2) 0.206(1) 0.1676(3) 1 1400(100) 
Al8 0.690(1) 0.4700(9) 0.1632(3) 1 440(40) 
Cl29 0.689(1) 0.350(1) 0.1716(3) 1 890(50) 
Cl30 0.619(1) 0.488(1) 0.1257(3) 1 970(60) 
Cl31 0.612(2) 0.529(1) 0.1938(4) 1 1400(90) 
Cl32 0.855(1) 0.502(1) 0.1621(3) 1 800(50) 
Al9 0.305(1) 0.5119(9) 0.1781(3) 1 480(40) 
Cl33 0.390(1) 0.4124(9) 0.1688(3) 1 660(40) 
Cl34 0.132(1) 0.486(1) 0.1746(3) 1 900(50) 
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Cl35 0.332(2) 0.544(1) 0.2184(3) 1 1020(60) 
Cl36 0.338(1) 0.6050(9) 0.1543(3) 1 950(50) 
Al10 –0.097(1) 0.081(1) 0.2067(3) 1 620(50) 
Cl37 0.076(1) 0.072(1) 0.2124(4) 1 990(60) 
Cl38 –0.135(1) 0.0167(9) 0.1732(2) 1 600(40) 
Cl39 –0.177(2) 0.029(1) 0.2404(3) 1 1400(100) 
Cl40 –0.156(1) 0.1922(9) 0.2020(3) 1 680(40) 
Al11 0.049(1) 0.3300(9) 0.2372(3) 1 440(40) 
Cl41 0.140(1) 0.289(1) 0.2045(3) 1 730(40) 
Cl42 0.011(1) 0.2346(9) 0.2623(3) 1 870(50) 
Cl43 –0.093(1) 0.3875(7) 0.2222(2) 1 500(30) 
Cl44 0.149(1) 0.416(1) 0.2574(3) 1 930(60) 
Al12 –0.069(1) 0.350(1) 0.3284(3) 1 580(50) 
Cl45 0.099(1) 0.332(1) 0.3341(2) 1 750(50) 
Cl46 –0.132(2) 0.232(1) 0.3313(4) 1 1220(70) 
Cl47 –0.121(1) 0.399(1) 0.2936(2) 1 810(50) 
Cl48 –0.130(1) 0.406(1) 0.3617(3) 1 1300(90) 
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Supporting Table 63. Anisotropic displacement parameters Uij (/ pm2) for the atoms in 
[Rh@Bi9](AlBr4)4 at 296(1) K. The exponent of the anisotropic displacement factor takes 
the form: –2π2[h2a*2U11 + ... + 2hka*b*U12]. 
Atom U11 U22 U33 U12 U13 U23 
Rh1 360(20) 250(20) 350(20) 60(20) 80(20) –80(20) 
Bi1 1320(20) 590(20) 450(10) –20(20) –210(10) –180(10) 
Bi2 1190(20) 820(20) 860(20) –400(20) –180(20) 480(20) 
Bi3 580(10) 830(20) 830(20) 260(10) 30(10) –250(10) 
Bi4 1390(20) 290(10) 850(20) –140(20) 80(20) 20(10) 
Bi5 870(20) 1730(50) 620(20) 850(30) –230(20) –140(20) 
Bi6 560(10) 610(20) 770(10) –190(10) –110(10) –130(10) 
Bi7 710(20) 1140(30) 1810(40) –300(20) 650(30) –150(30) 
Bi8 960(20) 930(30) 860(20) 400(20) –200(20) –610(20) 
Bi9 1890(30) 990(20) 610(10) –590(20) –610(20) 380(10) 
BiA1 – – – – – – 
BiA2 – – – – – – 
BiA3 – – – – – – 
Rh2 450(20) 270(20) 250(20) –10(20) 10(20) 40(20) 
Bi10 620(20) 910(20) 1010(20) 270(10) 150(10) –160(20) 
Bi11 1140(30) 460(30) 1120(30) –310(20) –10(20) –310(20) 
Bi12 1000(20) 660(20) 950(20) 160(20) –20(20) 480(10) 
Bi13 2520(60) 1450(50) 430(20) 1020(50) 240(30) 260(20) 
Bi14 680(20) 1090(40) 760(20) –270(20) 190(20) 140(20) 
Bi15 590(20) 1150(20) 740(10) –340(20) –200(10) –150(20) 
Bi16 1970(50) 410(20) 2030(50) –310(30) –1190(40) 390(30) 
Bi17 560(20) 2140(60) 990(30) 620(30) 20(20) 620(30) 
Bi18 950(20) 1340(30) 770(20) 70(20) 130(20) –600(20) 
BiB1 – – – – – – 
BiB2 – – – – – – 
BiB3 – – – – – – 
BiB4 – – – – – – 
BiB5 – – – – – – 
Rh3 230(20) 290(20) 260(20) –30(20) –30(20) 0(10) 
Bi19 1190(30) 3330(70) 810(20) –570(30) 370(20) –1100(30) 
Bi20 740(20) 1310(30) 1900(30) –30(20) –740(20) –160(30) 
Bi21 1210(30) 1430(40) 2550(50) 170(30) –180(30) 1410(40) 
Bi22 1820(40) 360(20) 3280(60) 130(20) –1250(40) –340(30) 
Bi23 – – – – – – 
Bi24 950(20) 1410(30) 1080(20) –790(20) 300(20) –10(20) 
Bi25 720(20) 1000(20) 1450(20) 460(20) –470(20) –360(20) 
Bi26 – – – – – – 
Bi27 – – – – – – 
BiC1 – – – – – – 
BiC2 – – – – – – 
BiC3 – – – – – – 
BiD1 – – – – – – 
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BiD2 – – – – – – 
BiD3 – – – – – – 
Al1 380(90) 1200(200) 280(70) –100(100) 60(70) 170(90) 
Cl1 400(70) 900(100) 560(80) –20(70) 30(60) 250(80) 
Cl2 1200(100) 1900(200) 350(70) 100(200) –110(90) 300(100) 
Cl3 800(100) 1600(200) 1200(100) 0(100) –300(100) 100(100) 
Cl4 1000(100) 1300(200) 1700(200) –400(100) –600(100) –200(200) 
Al2 490(90) 700(100) 360(80) 140(90) 120(70) 100(80) 
Cl5 1000(100) 600(100) 440(70) 120(80) 70(70) 40(70) 
Cl6 600(100) 2100(300) 1000(100) 200(100) –100(100) –200(100) 
Cl7 770(90) 800(100) 420(70) 0(80) –50(70) 110(70) 
Cl8 900(100) 500(100) 1100(100) 90(90) 200(100) 50(90) 
Al3 1000(100) 500(100) 390(80) –100(100) 320(90) –160(80) 
Cl9 460(90) 1400(200) 1400(100) 0(100) 190(90) –900(100) 
Cl10 130(60) 600(100) 750(80) 50(60) –130(60) 110(70) 
Cl11 520(90) 1500(200) 750(90) 100(100) 30(80) –400(100) 
Cl12 900(100) 1000(200) 2400(200) 500(100) 900(200) 700(200) 
Al4 800(100) 400(100) 300(70) –290(90) –110(70) 20(70) 
Cl13 640(90) 800(100) 660(80) –320(80) –90(70) 80(80) 
Cl14 1100(100) 800(100) 560(80) 0(100) –170(90) 400(80) 
Cl15 480(70) 480(90) 600(70) 10(70) 220(60) –10(70) 
Cl16 700(100) 800(100) 760(90) 120(90) 150(80) 200(80) 
Al5 1100(100) 270(90) 470(80) 90(90) 60(90) 200(70) 
Cl17 900(100) 800(100) 900(100) –100(100) –220(90) 20(90) 
Cl18 900(100) 600(100) 560(80) 300(90) 160(70) 10(70) 
Cl19 1100(100) 500(100) 720(90) –40(90) 20(90) 120(70) 
Cl20 800(100) 900(100) 790(90) 100(100) 250(90) –60(90) 
Al6 500(90) 310(90) 570(90) 70(80) 240(70) –70(70) 
Cl21 670(90) 430(90) 900(100) 30(70) –40(80) 190(80) 
Cl22 800(100) 1100(100) 450(70) –70(90) –20(70) 320(80) 
Cl23 450(80) 1300(200) 500(80) 200(90) –20(60) –310(80) 
Cl24 600(80) 460(90) 630(80) –10(70) –220(70) –90(70) 
Al7 500(100) 600(100) 500(80) 280(80) –20(70) –150(80) 
Cl25 900(100) 800(100) 680(90) 130(90) –210(80) –90(80) 
Cl26 1900(200) 700(100) 520(80) –300(100) 100(100) 100(80) 
Cl27 430(80) 1900(200) 730(90) 0(100) –100(70) –500(100) 
Cl28 2800(300) 700(100) 700(100) 600(200) 200(100) –100(100) 
Al8 220(70) 600(100) 460(80) –10(70) 0(60) –80(80) 
Cl29 700(100) 800(100) 1100(100) –50(90) –140(90) 500(100) 
Cl30 800(100) 1400(200) 690(90) –100(100) –390(80) 300(100) 
Cl31 1200(200) 1800(200) 1200(100) –200(200) 0(100) –1000(200) 
Cl32 600(90) 800(100) 1000(100) –390(90) –90(80) 70(90) 
Al9 240(80) 600(100) 610(90) 70(80) 20(70) 250(80) 
Cl33 590(80) 800(100) 650(80) –50(80) 130(70) 0(80) 
Cl34 700(100) 1000(200) 900(100) –200(100) –90(90) –100(100) 
Cl35 1400(100) 1200(200) 420(70) 600(100) –190(90) 130(90) 
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Cl36 900(100) 600(100) 1300(100) –420(90) 200(100) 400(100) 
Al10 700(100) 500(100) 600(100) –60(90) –20(90) 60(90) 
Cl37 420(90) 800(100) 1700(200) 70(80) –100(100) –600(100) 
Cl38 430(80) 700(100) 640(80) 60(70) –60(60) –260(80) 
Cl39 3000(300) 800(100) 450(90) –400(200) 700(100) –60(90) 
Cl40 720(90) 700(100) 660(80) 50(80) 10(70) –120(80) 
Al11 360(80) 500(100) 440(80) 90(70) –200(70) –160(70) 
Cl41 530(80) 900(100) 750(90) 60(80) 150(70) –140(90) 
Cl42 1400(100) 600(100) 620(80) 200(100) –250(90) –100(80) 
Cl43 480(70) 380(80) 650(80) 150(60) 160(60) –120(60) 
Cl44 490(90) 1000(100) 1300(100) 130(90) 60(90) –400(100) 
Al12 490(90) 800(100) 490(80) –180(90) 80(70) –140(90) 
Cl45 500(80) 1200(100) 530(80) 310(90) –90(60) 270(80) 
Cl46 1100(100) 1400(200) 1200(100) –500(100) 100(100) 300(100) 
Cl47 580(90) 1400(200) 430(70) –230(90) –110(70) 230(90) 
Cl48 1100(100) 2400(300) 390(80) 1000(200) –60(80) –300(100) 
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Supporting Table 64. Selected interatomic distances d (/ pm) for the cation [Rh@Bi9]4+ 
in [Rh@Bi9](AlBr4)4 at 296(1) K. Bi–Bi distances are listed only for the dominant split 
positions (labeled by digits without letters). 
Atom pair d  Atom pair d  Atom pair d 
Rh1 BiA1  268(2)  Rh2 BiB5  266(2)  Rh3 BiC2  270(2) 
 Bi6  274.1(4)   BiB1  269(2)   Bi23  270.4(7) 
 BiA2  274(2)   Bi13  271.6(4)   Bi21  273.8(4) 
 Bi3  274.9(4)   BiB3  272(2)   Bi20  274.3(4) 
 Bi8  275.1(4)   Bi14  272.5(5)   Bi22  274.8(4) 
 Bi2  275.1(4)   Bi18  273.0(4)   Bi19  275.0(4) 
 Bi9  275.7(4)   Bi17  274.9(5)   BiC3  275(2) 
 Bi1  275.8(4)   Bi10  277.3(4)   Bi26  275.2(7) 
 Bi4  276.7(4)   Bi11  277.3(5)   Bi24  276.2(4) 
 Bi5  276.8(4)   BiB2  279(2)   BiD1  276.8(9) 
 Bi7  279.2(4)   Bi15  279.1(4) 
 
 Bi25  277.6(4) 
 BiA3  281(2)   Bi12  280.0(4) 
 
 BiD2  279(2) 
   
 
 Bi16  280.5(5) 
 
 BiC1  279(2) 
     BiB4  281(2)   Bi27  281.7(9) 
         BiD3  282.6(8) 
           
Bi1 Bi2  311.4(4)  Bi10 Bi11  309.3(4)  Bi19 Bi22  317.0(7) 
 Bi5  314.7(4)   Bi15  312.4(4)   Bi24  317.5(5) 
 Bi4  319.0(3)   Bi12  322.6(4)   Bi20  329.2(5) 
 Bi3  327.6(3)   Bi13  336.2(5)   Bi21  346.7(7) 
Bi2 Bi5  314.8(5)  Bi11 Bi14  300.0(5)   Bi25  349.2(5) 
 Bi6  316.9(3)   Bi12  330.8(5)  Bi20 Bi22  302.2(5) 
 Bi3  336.6(4)   Bi13  346.5(7)   Bi23  316.5(8) 
Bi3 Bi6  314.0(3)  Bi12 Bi14  314.5(5)   Bi21  319.7(6) 
 Bi4  318.0(4)   Bi15  330.4(4)  Bi21 Bi24  314.0(5) 
Bi4 Bi7  306.8(4)   Bi18  348.5(4)   Bi23  333.4(8) 
 Bi9  310.1(3)  Bi13 Bi16  304.8(7)  Bi22 Bi26  297.2(8) 
Bi5 Bi7  316.8(6)   Bi17  313.9(5)   Bi25  315.3(4) 
 Bi8  318.6(4)  Bi14 Bi18  313.0(5)  Bi23 Bi26  325.2(10) 
Bi6 Bi8  321.2(4)   Bi17  324.2(6)   Bi27  336.8(11) 
 Bi9  323.0(4)  Bi15 Bi16  305.5(5)  Bi24 Bi27  306.6(8) 
Bi7 Bi8  325.7(5)   Bi18  315.8(4)   Bi25  311.2(5) 
 Bi9  334.5(5)  Bi16 Bi17  304.2(6)  Bi25 Bi26  315.2(8) 
Bi8 Bi9  337.1(5)   Bi18  349.6(6)   Bi27  349.7(9) 
    Bi17 Bi18  344.8(4)  Bi26 Bi27  320.8(10) 
 
d(Rh–Bi) = 275.9 pm for the dominant bismuth positions (atoms without letters in 
their labels); d(Bi–Bi) = 320.4 pm for the cation around Rh1 (only dominant split 
positions)  
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Supporting Table 65. Selected interatomic distances d (/ pm) for the anions in 
[Rh@Bi9](AlBr4)4 at 296(1) K. 
Atom pair d  Atom pair d  Atom pair d 
Al1 Cl4 211(3) 
 
Al5 Cl20 207(2) 
 
Al9 Cl36 207(2) 
 Cl1 215(2) 
 
 Cl18 209(2) 
 
 Cl33 208(2) 
 Cl2 215(2) 
 
 Cl19 213(2) 
 
 Cl35 215(2) 
 Cl3 219(2) 
 
 Cl17 221(2) 
 
 Cl34 216(2) 
Al2 Cl8 208(2) 
 
Al6 Cl22 207(2) 
 
Al10 Cl40 208(2) 
 Cl5 209(2) 
 
 Cl23 209(2) 
 
 Cl38 209(2) 
 Cl7 212(2) 
 
 Cl21 214(2) 
 
 Cl37 212(2) 
 Cl6 214(2) 
 
 Cl24 220(2) 
 
 Cl39 217(2) 
Al4 Cl15 210(2) 
 
Al7 Cl28 205(2) 
 
Al11 Cl41 212(2) 
 Cl14 210(2) 
 
 Cl27 207(2) 
 
 Cl43 215(2) 
 Cl16 211(2) 
 
 Cl25 212(2) 
 
 Cl42 215(2) 
 Cl13 220(2) 
 
 Cl26 213(2) 
 
 Cl44 218(2) 
 
 
Supporting Table 66. Atomic coordinates (/ pm), bond energy (/ eV) and zero-point 
vibrational energy (imaginary frequencies were excluded from the summation) (/ eV) for 
two optimized configurations of [Bi9]5+. The frequency analysis of the equilibrium 
geometry in C4v revealed only real frequencies, but identified the one in D3h as a saddle 
point. The starting geometry was taken from (trigonal) Bi10Zr3Cl18.[330] To achieve the 
saddle-point configuration for [Bi9]5+ in D3h, the point symmetry was fixed. 
 
[Bi9]5+ (D3h), optimized,  
saddle point 
 [Bi9]5+ (C4v), optimized, 
local minimum 
Atom x y z  x y z 
Bi –195.2 0.0 200.1  –175.7 –0.5 234.7 
Bi 97.6 169.0 200.1  98.1 180.7 180.6 
Bi 97.6 –169.0 200.1  99.1 –180.1 180.6 
Bi –195.2 0.0 –200.1  –175.7 –0.5 –234.7 
Bi 97.6 169.0 –200.1  98.1 180.7 –180.6 
Bi 97.6 –169.0 –200.1  99.1 –180.1 –180.6 
Bi –150.2 –260.2 0.0  –174.8 –235.6 0.0 
Bi –150.2 260.2 0.0  –176.1 234.6 0.0 
Bi 300.4 0.0 0.0  308.1 0.8 0.0 
        
 bond energy: 34.40  bond energy: 34.37 
 ZPVE: 0.09  ZPVE: 0.09 
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Supporting Table 67. Atomic coordinates (/ pm), QTAIM[118] charges, bond energy 
(/ eV) and zero-point vibrational energy (/ eV) for the equilibrium geometry of 
[Rh@Bi9]4+ in comparison to the experimental (starting) one. The frequency analysis of 
the equilibrium geometry revealed only real frequencies. 
 
[Rh@Bi9]4+ from  
crystal structure 
 [Rh@Bi9]4+ optimized, 
local minimum 
Atom x y z  x y z  QTAIM charge 
Rh 0 0 0  0 0 0  –0.87 
Bi 223.4 128.9 93.9  277.1 0 0  +0.56 
Bi 61.9 –104.8 247.8  93.6 162.1 –220.2  +0.55 
Bi –211.4 142.3 –107.7  93.6 162.1 220.2  +0.55 
Bi –241.9 –79.5 113.6  –138.5 –239.9 0  +0.57 
Bi –59.9 –90.0 –254.7  –187.2 0 –220.2  +0.56 
Bi –30.4 –274.0 5.3  –187.2 0 220.2  +0.56 
Bi 227.2 –118.8 –98.7  –138.5 239.9 0  +0.57 
Bi 92.7 174.4 –192.9  93.6 –162.1 –220.2  +0.55 
Bi –79.8 194.7 175.8  93.6 –162.1 220.2  +0.55 
          
    bond energy: 4.564 
    ZPVE: 0.130 
 
Supporting Table 68. List of ELI-D basins (Figure 65, page 117), their assignment, and 
population for an optimized configuration of [Rh@Bi9]4+ cation in [Rh@Bi9](AlCl4)4. 
Bond polarity assessed from the intersection of the ELI-D basins with the respective 
QTAIM basins.[118,126] Basins 4 (lone pairs of basal Bi atoms) were found fused with 3c-
bonds (4’) between a basal Bi atom, a capping Bi atom, and the Rh atom. The virtual 
bond basin 4’ was deduced by subtracting the lone pair according to basin 5. Minor 
contributions of Rh to basin 3 (less than 5 %) were neglected. 
Attribution of an 
ELI-D feature 
Basin population 
q/e– 
Averaged percentage 
of atomic contributions 
Bi core 78.1–78.2 – 
Rh core 28.0 – 
Rh penultimate shell  
(multiple basins) 15.0 – 
V(Bi, Rh) = 1 0.4 capping Bi 45 %; Rh 55 % 
V(Bi, Rh) = 2 0.4 basal Bi 47 %; Rh 53 % 
V(Bi, Bi) = 3 0.5 50:50 
Bi lone pair = 4 
(basal atom) defined as 3.4 – 
V(Bi, Bi, Rh) = 4’ 0.3 capping Bi 54 %; basal Bi 28 %; Rh 18 % 
Bi lone pair = 5 
(capping atom) 3.4 – 
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Supporting Figure 36.  
Selected MOs for [Rh@Bi9]4+ (D3h symmetry) depicted in the order following the MO 
scheme (Figure 66, page 119). The phase sign is coded with red and blue. The isosurface 
values for the amplitude of the MOs are chosen to enhance clarity and visualize 
significant contributions. 
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Supporting Figure 37.  
(continued) Selected MOs for [Rh@Bi9]4+ (D3h symmetry) depicted in the order following 
the MO scheme (Figure 66, page 119). The phase sign is coded with red and blue. The 
isosurface values for the amplitude of the MOs are chosen to enhance clarity and 
visualize significant contributions. 
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Supporting Figure 38.  
Selected MOs for [Bi9]5+ (D3h symmetry) depicted in the order following the MO scheme 
(Figure 66, page 119). The phase sign is coded with red and blue. The isosurface values 
for the amplitude of the MOs are chosen to enhance clarity and visualize significant 
contributions. 
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Supporting Figure 39.  
Powder X-ray diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of Bi16PdCl22. 
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Supporting Figure 40.  
Powder X-ray diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of Bi12–xRhCl13–x. 
Supporting Figure 41.  
Powder X-ray diffractogram (Cu-Kα1 radiation; λ = 154.056 pm) of Bi12–xRhBr13–x. 
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“Controlled Synthesis of Polyions of Heavy Main-Group Elements in Ionic 
Liquids” 
M. F. Groh, A. Wolff, M. A. Grasser, M. Ruck, Int. J. Mol. Sci. 2016, 17, 1452. 
Submitted Publication: 
“Pentagonal Bismuth Antiprisms with Endohedral Palladium or Platinum Atoms 
by Low-Temperature Syntheses”  
M. F. Groh, A. Wolff, B. Wahl, B. Rasche, P. Gebauer, M. Ruck,  
for Z. Anorg. Allg. Chem. (Chapter 6.2.1)  
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Further publications published during the graduation time: 
„Sanfte Festkörperchemie“ 
M. F. Groh, M. Heise, M. Kaiser, M. Ruck, Nachrichten aus der Chemie 2013, 
61, 26–29. 
“Substitution of Conventional High-Temperature Syntheses of Inorganic 
Compounds by Near-Room-Temperature Syntheses in Ionic Liquids” 
M. F. Groh, U. Müller, E. Ahmed, A. Rothenberger, M. Ruck, Z. Naturforsch. 
2013, 68b, 1108–1122. 
“[Sb13Se16Br2]5+ and [Sb7Se8Br2]3+ — Double and Quadruple Spiro-Cubanes from 
Ionic Liquids” 
E. Ahmed, J. Breternitz, M. F. Groh, A. Isaeva, M. Ruck, Eur. J. Inorg. Chem. 
2014, 3037–3042. 
„Materialsynthesen nahe Raumtemperatur“ 
M. F. Groh, M. Heise, M. Ruck, GIT Labor-Fachzeitschrift 2014, 58(6), 48–50. 
“Synthesis and crystal structure of Ba5[TaN4][CN2]” (poster) 
F. Jach, M. Groh, P. Höhn, M. Ruck, Z. Anorg. Allg. Chem. 2014, 640, 2359.  
“Mobilization and Modification of Intermetalloid Clusters in Ionic Liquids” 
(poster) 
M. F. Groh, M. Ruck, Z. Anorg. Allg. Chem. 2014, 640, 2391. 
“Bismuth Tellurium Polycations from Ionic Liquids” (poster) 
M. F. Groh, M. Ruck, Z. Anorg. Allg. Chem. 2014, 640, 2392. 
„[P3Se4]+ - a binary phosphorus selenium cation” 
K.-O. Feldmann, T. Wiegand, J. Ren, H. Eckert, J. Breternitz, M. F. Groh, U. 
Müller, M. Ruck, B. Maryasin, C. Ochsenfeld, O. Schön, K. Karaghiosoff, J. J. 
Weigand, Chem. Eur. J. 2015, 21, 9697–9712. (Selected for front cover) 
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Additional publications: 
“Room-Temperature Synthesis of the Highly Polar Cluster Compound 
Sn[SnCl][W3Cl13]” 
E. Ahmed, M. Groh, M. Ruck, Eur. J. Inorg. Chem. 2010, 5294–5297. 
„Formation of SiC nanoparticles in an atmospheric microwave plasma“ 
M. Vennekamp, I. Bauer, M. Groh, E. Sperling, S. Ueberlein, M. Myndyk, G. 
Mäder, S. Kaskel, Beilstein J. Nanotechnol. 2011, 2, 665–673. 
“Ionic Liquids as Crystallisation Media for Inorganic Materials” 
E. Ahmed, J. Breternitz, M. F. Groh, M. Ruck, CrystEngComm. 2012, 14, 4874–
4885. 
“[Ru2Bi14Br4](AlCl4)4 by Mobilization and Reorganization of Complex Clusters 
in Ionic Liquids” 
M. F. Groh, A. Isaeva, M. Ruck, Chem. Eur. J. 2012, 10886–10891. 
“[(Bi82+)Ru2+(Bi82+)] — Coordination Chemistry of Bismuth Polycations” (poster) 
M. Groh, M. Ruck, Z. Anorg. Allg. Chem. 2012, 638, 1568.  
“[Ru(Bi8)2]6+ — A Cluster in a Highly Disordered Crystal Structure is the Key to 
the Understanding of the Coordination Chemistry of Bismuth Polycations” 
M. F. Groh, A. Isaeva, C. Frey, M. Ruck, Z. Anorg. Allg. Chem. 2013, 639, 2401–
2405. (Selected for front cover) 
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12 Collaborations, “Versicherung”, and “Erklärung” 
Collaborations 
In order to comply with the rules of good scientific practice, all collaborations as 
well as assistance by other people shall be disclosed in the following: 
• Synthetic support within the workgroup was given by the technicians 
Gudrun Kadner, Michaela Münch, Andrea Brünner, and Kerstin Zechel as 
well as by the student assistants Maximilian Knies, Paul Gebauer, Peter 
Franze, and Ayush Lakhotia. 
• Maximilian Knies (chapter 3.3) and Paul Gebauer (chapter 6.2.1.2) 
contributed with their bachelor theses to this doctoral thesis. Their 
synthetic work was based on preliminary results of my own research, 
which were broadened under my close supervision. 
• DFT-based calculations have been carried out by Dr. Anna Isaeva (TU 
Dresden). She also supported me during the data interpretation. Quantum-
chemical results in Chapter 4 were predominantly evaluated by her. 
• NMR spectra have been measured by Dr. Silvia Paasch and Julia Pallmann 
(TU Dresden). Prof. Dr. Eike Brunner (TU Dresden) estimated the size of 
phosphorus nanoparticles. They also assisted in evaluation of the spectra. 
• Alexander Weiz (TU Dresden) performed the SEM/STEM measurements 
of the phosphorus nanoparticles and assisted during EDX measurements 
on crystals of M2Bi2S3(AlCl4)2 (M = Ag, Cu) and of 
[Sb13Se16](AlCl4)6(Al2Cl7). 
• Dr. Florian Wisser (TU Dresden) helped during the diffuse reflectance 
measurements. 
• The susceptibility data for [Bi4Te4](AlBr4)2(Al2Br7) and [Bi4Te4](AlBr4)3 
have been collected by Dr. Walter Schnelle (Max Planck Institute for 
Chemical Physics of Solids, Dresden). 
• Dr. Anastasia Efimova measured the thermochemical properties discussed 
in chapter 5.2.4. She and Prof. Dr. Peer Schmidt (both BTU Cottbus-
Senftenberg) assisted in interpreting the DSC data.  
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Versicherung 
Hiermit versichere ich, dass ich die vorliegende Arbeit ohne unzulässige Hilfe 
Dritter und ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt 
habe; die aus fremden Quellen direkt oder indirekt übernommenen Gedanken sind 
als solche kenntlich gemacht. Die Arbeit wurde bisher weder im Inland noch im 
Ausland in gleicher oder ähnlicher Form einer anderen Prüfungsbehörde 
vorgelegt. 
 
 
 
 
 
 
 
 
Erklärung 
Die vorliegende Arbeit wurde an der Professur für Anorganische Chemie II der 
Technischen Universität Dresden unter wissenschaftlicher Betreuung von  
Herrn Prof. Dr. Michael Ruck im Zeitraum von November 2011 bis Oktober 2016 
angefertigt. 
Es haben keine früheren erfolglosen Promotionsverfahren stattgefunden. 
Hiermit erkenne ich die Promotionsordnung der Fakultät Mathematik und 
Naturwissenschaften der Technischen Universität Dresden in der derzeit gültigen 
Fassung vom 23.02.2011, geändert am 15.06.2011 und 18.06.2014, an. 
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Matthias Friedrich Groh 
